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Preface to the Second Edition 


For its second edition the book Relativistic Quantum Mechanics — Wave Equations 
has undergone only minor revisions. A number of misprints and errors in a few 
equations have been corrected. Also the typographical appearance and layout of 
the book has been improved. I hope that the book will continue to be useful to 
students and teachers alike. 

I thank Markus Bleicher for his help and acknowledge the agreeable collabo- 
ration with Dr. H.J. K6lsch and his team at Springer-Verlag, Heidelberg. 


Frankfurt am Main, Walter Greiner 
March 1997 
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Preface to the First Edition 


Theoretical physics has become a many-faceted science. For the young student it is 
difficult enough to cope with the overwhelming amount of new scientific material 
that has to be learned, let alone obtain an overview of the entire field, which 
ranges from mechanics through electrodynamics, quantum mechanics, field theory, 
nuclear and heavy-ion science, statistical mechanics, thermodynamics, and solid- 
state theory to elementary-particle physics. And this knowledge should be acquired 
in just 8-10 semesters, during which, in addition, a Diploma or Master’s thesis has 
to be worked on or examinations prepared for. All this can be achieved only if the 
university teachers help to introduce the student to the new disciplines as early on 
as possible, in order to create interest and excitement that in turn set free essential 
new energy. Naturally, all inessential material must simply be eliminated. 

At the Johann Wolfgang Goethe University in Frankfurt we therefore confront 
the student with theoretical physics immediately, in the first semester. Theoretical 
Mechanics I and II, Electrodynamics, and Quantum Mechanics I — An Introduction 
are the basic courses during the first two years. These lectures are supplemented 
with many mathematical explanations and much support material. After the fourth 
semester of studies, graduate work begins, and Quantum Mechanics II — Symme- 
tries, Statistical Mechanics and Thermodynamics, Relativistic Quantum Mechanics, 
Quantum Electrodynamics, the Gauge Theory of Weak Interactions, and Quantum 
Chromodynamics are obligatory. Apart from these a number of supplementary 
courses on special topics are offered, such as Hydrodynamics, Classical Field The- 
ory, Special and General Relativity, Many-Body Theories, Nuclear Models, Mod- 
els of Elementary Particles, and Solid-State Theory. Some of them, for example 
the two-semester courses Theoretical Nuclear Physics and Theoretical Solid-State 
Physics, are also obligatory. 

The form of the lectures that comprise Relativistic Quantum Mechanics — Wave 
Equations follows that of all the others: together with a broad presentation of the 
necessary mathematical tools, many examples and exercises are worked through. 
We try to offer science in as interesting a way as possible. With relativistic quantum 
mechanics we are dealing with a broad, yet beautiful, theme. Therefore we have 
had to restrict ourselves to relativistic wave equations. The selected material is 
perhaps unconventional, but corresponds, in our opinion, to the importance of this 
field in modern physics: 

Be Klein—Gordon equation (for spin-O particles) and the Dirac equation (for 
spin-5 particles) and their applications constitute the backbone of these lectures. 
Wave equations for particles with higher spin (the Rarita-Schwinger, spin-2, Kem- 
mer and Proca, spin-1, and general Bargmann—Wigner equations) are confined to 


the last chapters. 
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After introducing the Klein—Gordon equation we discuss its properties and diffi- 
culties (especially with respect to the single-particle interpretation); the Feshbach— 
Villars representation is given. In many worked-out exercises and examples its 
practical applications can be found: pionic atoms as a modern field of research 
and the particularly challenging examples on the effective pion—nucleus potential 
(the Kisslinger potential) and its improvement by Ericson and Ericson stand in the 
foreground. 

Most of these lectures deal with Dirac’s theory. The covariance properties 
of the Dirac equation are discussed in detail. So, for example, its free solutions 
are on the one hand determined directly and on the other hand through Lorentz 
transformations from the simple solutions in the rest frame. Here the methodical 
issue is emphasized: the same physical phenomenon is illuminated from different 
angles. We proceed in a similar manner in the discussion of single-particle operators 
(the odd and even parts of an operator) and the so-called Zitterbewegung, which is 
also derived from the consideration of wave packets of plane Dirac waves. In many 
worked-out problems and examples the new tools are exercised. Thus the whole 
of Chap.9 is dedicated to the motion of Dirac particles in external potentials. 
It contains simple potential problems, extensively the case of the electron in a 
Coulomb potential (the fine-structure formula), and muonic atoms. In Chap. 10 we 
present the two-centre Dirac equation, which is of importance in the modern field 
of heavy-ion atomic physics. The fundamental problem of overcritical fields and 
the decay of the electron—positron vacuum is only touched upon. A full treatment 
is reserved for Quantum Electrodynamics (Vol.4 of this series). However, we give 
an extended discussion of hole theory and also of Klein’s paradox. The Weyl 
equation for the neutrino (Chap. 14) and relativistic wave equations for particles 
with arbitrary spin (Chap. 15) follow. Starting with the Bargmann—Wigner equations 
the general frame for these equations is set, and in numerous worked-out examples 
and exercises special cases (spin-1 particles with and without mass, and spin-3 
particles according to Rarita and Schwinger) are considered in greater detail. In 
the last chapter we give an overview of relativistic symmetry principles, which 
we enjoy from a superior point of view, since by now we have studied Quantum 
Mechanics — Symmetries (Vol.2 of this series). 

We hope that in this way the lectures will become ever more complete and may 
lead to new insights. 

Biographical notes help to obtain an impression, however short, of the life 
and work of outstanding physicists and mathematicians. We gratefully acknowl- 
edge the publishers Harri Deutsch and F.A. Brockhaus (Brockhaus Enzyklopddie, 
F.A. Brockhaus — Wiesbaden indicated by BR) for giving permission to use relevant 
information from their publications. 

Special thanks go to Prof. Dr. Gerhard Soff, Dr. Joachim Reinhardt, and Dr. 
David Vasak for their critical reading of the original draft of these lectures. Many 
students and collaborators have helped during the years to work out examples and 
exercises. For this first English edition we enjoyed the help of Maria Berenguer, 
Christian Borchert, SnjeZana Butorac, Christian Derreth, Carsten Greiner, Kordt 
Griepenkerl, Christian Hofmann, Raffele Mattiello, Dieter Neubauer, Jochen Rau, 
Wolfgang Renner, Dirk Rischke, Alexander Scherdin, Thomas Schonfeld, and 
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Dr. Stefan Schramm. Miss Astrid Steidl drew the graphs and prepared the fig- 
ures. To all of them we express our sincere thanks. 

We would especially like to thank Mr. Béla Waldhauser, Dipl.-Phys., for his 
overall assistance. His organizational talent and his advice in technical matters are 
very much appreciated. 

Finally, we wish to thank Springer-Verlag; in particular, Dr. H.-U. Daniel, for 
his encouragement and patience, Mr. Michael Edmeades for expertly copy-editing 
the English edition, and Mr. R. Michels and his team for the excellent layout. 


Frankfurt am Main, Walter Greiner 
May 1990 


Foreword to Earlier Series Editions 


More than a generation of German-speaking students around the world have worked 
their way to an understanding and appreciation of the power and beauty of modern 
theoretical physics — with mathematics, the most fundamental of sciences — using 
Walter Greiner’s textbooks as their guide. 

The idea of developing a coherent, complete presentation of an entire field 
of science in a series of closely related textbooks is not a new one. Many older 
physicists remember with real pleasure their sense of adventure and discovery 
as they worked their ways through the classic series by Sommerfeld, by Planck 
and by Landau and Lifshitz. From the students’ viewpoint, there are a great many 
obvious advantages to be gained through use of consistent notation, logical ordering 
of topics and coherence of presentation; beyond this, the complete coverage of 
the science provides a unique opportunity for the author to convey his personal 
enthusiasm and love for his subject. 

The present five-volume set, Theoretical Physics, is in fact only that part of 
the complete set of textbooks developed by Greiner and his students that presents 
the quantum theory. I have long urged him to make the remaining volumes on 
classical mechanics and dynamics, on electromagnetism, on nuclear and particle 
physics, and on special topics available to an English-speaking audience as well, 
and we can hope for these companion volumes covering all of theoretical physics 
some time in the future. 

What makes Greiner’s volumes of particular value to the student and professor 
alike is their completeness. Greiner avoids the all too common “it follows that...” 
which conceals several pages of mathematical manipulation and confounds the 
student. He does not hesitate to include experimental data to illuminate or illustrate 
a theoretical point and these data, like the theoretical content, have been kept up to 
date and topical through frequent revision and expansion of the lecture notes upon 
which these volumes are based. 

Moreover, Greiner greatly increases the value of his presentation by including 
something like one hundred completely worked examples in each volume. Nothing 
is of greater importance to the student than seeing, in detail, how the theoretical 
concepts and tools under study are applied to actual problems of interest to a 
working physicist. And, finally, Greiner adds brief biographical sketches to each 
chapter covering the people responsible for the development of the theoretical ideas 
and/or the experimental data presented. It was Auguste Comte (1798-1857) in his 
Positive Philosophy who noted, “To understand a science it is necessary to know 
its history”. This is all too often forgotten in modern physics teaching and the 
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bridges that Greiner builds to the pioneering figures of our science upon whose 
work we build are welcome ones. 

Greiner’s lectures, which underlie these volumes, are internationally noted for 
their clarity, their completeness and for the effort that he has devoted to making 
physics an integral whole; his enthusiasm for his science is contagious and shines 
through almost every page. 

These volumes represent only a part of a unique and Herculean effort to make 
all of theoretical physics accessible to the interested student. Beyond that, they 
are of enormous value to the professional physicist and to all others working with 
quantum phenomena. Again and again the reader will find that, after dipping into a 
particular volume to review a specific topic, he will end up browsing, caught up by 
often fascinating new insights and developments with which he had not previously 
been familiar. 

Having used a number of Greiner’s volumes in their original German in my 
teaching and research at Yale, I welcome these new and revised English translations 
and would recommend them enthusiastically to anyone searching for a coherent 
overview of physics. 


Yale University D. Allan Bromley 
New Haven, CT, USA Henry Ford II Professor of Physics 
1989 
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1. Relativistic Wave Equation for Spin-0 Particles: 
The Klein—Gordon Equation and Its Applications 


The description of phenomena at high energies requires the investigation of rela- 
tivistic wave equations. This means equations which are invariant under Lorentz 
transformations. The transition from a nonrelativistic to a relativistic description 
implies that several concepts of the nonrelativistic theory have to be reinvestigated, 
in particular: 


(1) Spatial and temporal coordinates have to be treated equally within the theory. 
(2) Since 
/ 
Ap moc 
a relativistic particle cannot be localized more accurately than ~ h/mpgc; oth- 
erwise pair creation occurs for E > 2moc?. Thus, the idea of a free parti- 
cle only makes sense if the particle is not confined by external constraints 
to a volume which is smaller than approximately the Compton wavelength 
Ac = h/moc. Otherwise the particle automatically has companions due to par- 
ticle—antiparticle creation. 
(3) If the position of the particle is uncertain, i.e. if 


A 
Ax >— , 
Moc 
then the time is also uncertain, because 


eee b 


Cc moc2 


In a nonrelativistic theory At can become arbitrarily small, because c — oo. 
Thereby, we recognize the necessity to reconsider the concept of probability 
density 


Cease). 


which describes the probability of finding a particle at a definite place r at 
fixed time ¢. 

(4) At high (relativistic) energies pair creation and annihilation processes occur, 
usually in the form of creating particle—antiparticle pairs. Thus, at relativistic 
energies particle conservation is no longer a valid assumption. A relativistic 
theory must be able to describe pair creation, vacuum polarization, particle 
conversion, etc. 
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1.1 The Notation 


First we shall remark on the notation used. Until now we have expressed four- 
vectors by Minkowski’s notation, with an imaginary fourth component, as for 
example 


Sy e alert f (world vector) , 
P =PeaPyiPo le / ey (four-momentum) , 
A = {A,,Ay,A,,iAo} (four-potential) _, 


> aga eine 
~ | Ax’ Ay’ dz’ id(ct) 


The letters x, p, A, V abbreviate the full four-vector. Sometimes we shall also 


(four-gradient), etc. . (1.1) 


denote them by x, P, A, V, etc., ie. with a double arrow. As long as there is no 
confusion arising, we prefer the former notation. For the following it is useful to 
introduce the metric tensor (covariant compontents ) 


Joo 901 902 903 1 0 ~~ 0) 70 
Jio Qit Gi2 913 0 -1 0 oO 4 
= = ‘4 ve 
ay 920 921 922 923 0 0 —-!i1 0 (1.2) 
930 931 932 933 0 0 O =i 


Thereby, one can denote the length of the vector dx = {dx“} as ds* = dx dx = 
Guv dx" dx”. This relation is often taken as the defining relation of the metric 
tensor.! The contravariant form g” of the metric tensor follows from the condition 


1 0 0 0 
o df |0 1 O O 
g” Jov = Ls = 0 0 1 0 3 Wi 3) 
0 0 Gel 
] 0 0 0 
= A 0 -1 0 O 
o 1 o 
gf? = (9), = =|, Seale (1.4) 
0 O O -1 


Here A,,, is the cofactor of g,,, [i.e. the subdeterminant, obtained by crossing out 
the th row and the oth column and multiplying it with the phase (—1)“+7] and 
g is given by g = det(g,,) = —1. For the special Lorentz metric the contravariant 
and covariant metric tensor are identical: 


9°” = Gu [for Lorentz metric!] 
From now on we will use the contravariant four-vector 
pe oe ae gets == aa) (TS) 


for the description of the space-time coordinates, where the time-like component 
is denoted as zero component. We get the covariant form of the four-vector by 
“lowering” the index yz with the help of the metric tensor, i.e. 


' We adopt the same notation as J.D. Bjorken, S.D. Drell: Relativistic Quantum Mechanics 
(McGraw Hill, New York 1964). 


1.1 The Notation 3 
a 


Xu = uv" = {ct,—x,—y,-z} = {xo,11,%2,43} (1.6) 
Similarly the indices can be “raised” to give 

xt = Ges = eee a. 
This means that one can easily transform the covariant into the contravariant form 
of a vector (respectively of a tensor) and vice versa. Except in special cases, where 
we denote it explicitly, we use Einstein’s summation convention: We automatically 
add from 0 to 3 over indices occuring doubly (one upper and one lower index). So 
we have, for example, 

3 
xox =xlx, = os Se Ke ee ee 


p=0 
= cp? — x? — y? — 2? 
ih Geen cee (1.7) 


The definition of the four-momentum vector is analogous, 


pY = {E/c,p,,Py,Pz} ’ (1.8) 
and we write the scalar product in four dimensions (space-time) as 
E, Ey 
Pie) Pip Pi Pa (1.9) 
or equally 
apie py, — xX po — Ei — 2p .. (1.10) 


We identify the four-vectors by a common letter. Thus, for instance, 
a = {ao, a), a2, a3} 

In contrast to this we denote three-vectors by bold type as in 
a = {a}, a2,a3} 

Often we write only the components. Hence, 
a= (oo merameree | 


means a four-vector with contravariant components. Greek indices, such as yp, 
always run from 0 to 3. Latin indices, as for example 7, imply values from | to 3. 
A three-vector can thus also be written in contravariant form as 


a'={a',a’,a°}  oras a; =-{a1,42,43} 


in covariant form. So the four-momentum operator is therefore denoted by 


a a Die a, - 
BY — ih— = si tis, tilts —, tia — 
a ie {in act)’ Ox,’ 


itd 7, ,o -in2| 


0 
= —————— — 1.11 
“inf (et)’ v} . ( ) 
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It transforms as a contravariant four-vector, so that 
2 2 2 2 
sip, = 28 pp 
Ee Ox, Oxt COL One FOV Oz" 


WO = —h 1 & A (1.12) 
7 ~ N62 62 , 


ill 


This equation defines both the three-dimensional delta operator (A = V7) and 
the four-dimensional d’Alembertian (C1 = 0*/(c?0t*) — A). Finally we check the 
commutation relations of momentum and position by means of (1.11 and 1.5), 
obtaining 


O 
a UL Vv is vo iu Vo 
[p 2") =in| eg wa] = ihg ae 


= ihg’’5" = ihg’" =ihgt” . (1.13) 


ee 


On the right-hand side (rhs), the metric tensor g*” appears expressing the covariant 
form of the commutation relation. 
The four-potential of the electromagnetic field is given by 


At = {Ao, A} = {Ao, Ax, Ay, Az } =gi"Ay . A. = We (1.14) 


Here A” are the contravariant, and A, = {Ao, -Ay, —Ay, —A;} the covariant com- 
ponents. From A” the electromagnetic field tensor follows in the well-known way: 


0 E& EE E 


OAX OA” —E 0 B, -B 
Fey — > = x z y ; 
Ox, OX SL At, QO B, Sa 
— Ee 0 
1.2 The Klein—Gordon Equation 
From elementary quantum mechanics” we know the Schrédinger equation 
.. Ow ee 
corresponds to the nonrelativistic energy relation in operator form, 
See 
E = — 
ae =“ V (a), where (1.17) 
Peete e : 
E=ih— , p=-—ihV (1.18) 


Ot 


are the operators of energy and momentum, respectively. In order to obtain a 
relativistic wave equation we start by considering free particles with the relativistic 
relation 


? See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994). 


1.2 The Klein—Gordon Equation 


PY Py = — — Pp = mpc? . (1.19) 


We now replace the four-momentum p” by the four-momentum operator 


8 a a <a 8 
eh ee 
i Bic, iM gay Ox’ dy’ zh 


0 Aes 
= in aes -v} = {Po, P} P (1.20) 


Following (1.6) and (1.11), the result is in accordance with (1.18). Thus, we obtain 
the Klein—Gordon equation for free particles, 


Bea w= mech . (1.21) 


Here mp is the rest mass of the particle and c the velocity of light in vacuum. With 
the help of (1.12) we can write (1.21) in the form 


mace oO o a o ue 


We can immediately verify the Lorentz covariance of the Klein—Gordon equation, as 
pp, is Lorentz invariant. we also recognize (1.22) as the classical wave equation 
including the mass term mjc*/h?. Free solutions are of the form 


i= EX) (-j2*") exp -; (pox° —p: °)| 
= exp +z: 2 ~ Bn] : - (1.23) 


Indeed, insertion of (1.23) into (1.21) leads to the condition 


psd = mien ~ phpn ero (— gpm") = mbcrex (—j.*) 


2 
ae x 
— pp, —Moc Of ——p-p=moc” , 


which results in 


} 
E = +y/m2c2+p?xe = | meee p*c* (1.24) 


Thus, there exist solutions both for positive E = +c(m2c? + p*)'/? as well as 
for negative E = —c(m@c? + p’)!/? energies respectively (see Fig. 1.1). We shall 
see later that the solutions yielding negative energy are physically connected with 
antiparticles. Since antiparticles can indeed be observed in nature, we have already 
obtained an indication of the value of extending the nonrelativistic theory. 

Next we construct the four-current j,, connected with (1.21). In analogy to our 
considerations concerning the Schrédinger equation, we expect a conservation law 
for the j,,. We start from (1.22), in the form 


(ppp" —moc*)p=0 , 


Fig. 1.1. Energy spectrum of 
the free Klein—Gordon equa- 
tion 
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and take the complex conjugate of this equation, i.e. 


(6,p" — mpc”) y* = 0 


Multiplying both equations from the left, the first by ~* and the second by w, and 
calculating the difference of the resulting two equations yields 


v* (Bup" — mic?) b — p (6,p" — moc’) Y* =0 
or 
— (PVLVE + mpc?) b+ 0 (WV LV" + moc’) v* =0 


SV Vp Vie ae = 0 (1.25) 
The four-current density is therefore 
hoy. 
linen (V*Vi~—vViv*) . (1.26) 


Here we have multiplied by if/2mpo, so that the zero component jo has the 
dimension of a probability density (that is 1/em*). Furthermore this ensures that 
we obtain the correct nonrelativistic limit [cf. (1.30—-31)] below. In detail, (1.25) 
reads 


g ; Oy" ola 
Ot as (v2 - Ot +) ——_ ot ¢ 
+ div (= =) [vCVy) -— WV Y")] =0 = 7 (1.27) 
This expression possesses the form of a continuity equation 
Oo C8 
me be ie (1.28) 


As usual integration over the entire configuration space yields 


ue 5 if e [a 
—dx = — d-x.= — | div7d-x = — -dF =0 
y Or Ot a V “ Bi 


Hence, 


‘i od’x =const. , 
Vv 


ie. f, od?x is constant in time. It would be a natural guess to interpret 


iy ( ae -v) J ule (1.29) 


~ Imoc2 Ot Ot 


as a probability density. However, there is a problem with such an interpretation: 
At a given time t both w and 0%/0t may have arbitrary values; therefore, o(a, t) 
in (1.29) may be either positive or negative. Hence, o(x,t) is not positive definite 
and thus not a probability density. The deeper reason for this is that the Klein— 
Gordon equation is of second order in time, so that we must know both w(a, t) and 
Oy(ax, t)/Ot for a given t. Furthermore there exist solutions for negative energy [see 


1.3 The Nonrelativistic Limit 


(12.4) and (1.38) below]. This and the difficulty with the probability interpretation 
was the reason that, for a long time, the Klein-Gordon equation was regarded to be 
physically senseless. One therefore looked for a relativistic wave equation of first 
order in time with positive definite probability, which was finally derived by Dirac 
(cf. Chap. 2). However, it turns out that this equation has negative energy solutions 
too. As we have previously remarked and as we shall discuss in greater detail later, 
in Chap. 2, these solutions are connected with the existence of antiparticles. 


1.3 The Nonrelativistic Limit 


We can study the nonrelativistic limit of the Klein—Gordon equation (1.24). In order 
to do this we make the ansatz 


V(r, t) = v(r, thexp (— jm’ (1.30) 


i.e. we split the time dependence of w into two terms, one containing the rest mass. 
In the nonrelativistic limit the difference of total energy E of the particle and the 
rest mass moc? is small. Therefore we define 


E' =E — moc? 


and remark that the kinetic energy E’ is nonrelativistic, which means E’ < moc?. 
Hence, 


O 
in| x E'p < moc? (1.31) 


holds also and with (1.30) we have 


2 ’ . Op . 
= = (¥ <i== °) exp (— jot) ~~) ar yexp (— jm") 


Op 0 (A9 .moc? ies 
at cael z—# } exp | —zmoc’t 


oe 2 2.4 : 
~ |_, moc AP _ moc" Op _ moc eee! 
e ie ei hot Fe °| exp ( Boos ‘) 


2moc? Ap  mec* lin ee 
--| ae a Rl yp} exp =e! 


Inserting this result into (1.2%) yields 


1 [.2moc? dy mee me 2 
== i Oe ee a 
i 


or 


Z Bs 2 2 h 
me? ames (Sot pat 5a) 9 =~ ae A? (1.32) 
Ot 2mo 
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This is the free Schrédinger equation for spinless particles. As the type of 
particle which is described by a wave equation does not depend upon whether the 
particle is relativistic or nonrelativistic, we infer that the Klein-Gordon equation 
describes spin-zero particles. Later on we will obtain this important result in a 
totally different manner by making use of the transformation properties of the 
Klein—Gordon field w. 


1.4 Free Spin-0 Particles 


Previously we have remarked that in a relativistic theory the concept of a free 
particle is an idealization. Furthermore spin-zero particles, like pions or kaons, 
interact strongly with other particles and fields. Nevertheless we can discover some 
of the practical methods for dealing with these problems by studying the free 
solutions of (1.2%). We return to the interpretation of the current density (1.26) that 
we discarded due to @ in (1.29) not being positive definite. As usual integrating 
the continuity equation (1.28) yields 


00 3 al 3 ae yee) : 
—dx = — (e,ndx =~ f div dx =— f di Oe 
lle Ot os Vv ‘“ ae 


which means that 
[ osx = const, , (133) 
V 


i.e. the constancy in time of the normalization (which is a reasonable result). The 
question remains of how to interpret @ and 7. The probability interpretation is not 
applicable, as we have just seen in context with (1.29), However, we do have the 
following alternative: We obtain the four-current density of charge by multiplication 
of the current density (1.26) with the elementary charge e to give 


 _ leh 


= ge UVa — oY ud") = feos} a . (1.34) 
where 
pe ihe Op 7 Ow 
O Umec? ( a Ot ) Cy 
signifies the charge density, and 
; ieh P 
eS ae (Y* Vp — pVy*) (1.36) 


denotes the charge-current density. The charge density (1.35) is allowed to be pos- 
itive, negative or zero. This equates with the existence of particles and antiparticles 
in the theory. By calculating the solutions for free particles, we may understand 
this still better. Starting from (1.22), written in the form 


(BP, — moc’) b=0 , 
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and from the ansatz (1.23) for free waves 
i ‘ 
w = Aexp (~ 520") = exp 50 oF zn| ; 


we obtain the necessary condition that 


b DN rs 2D OTS O50) 
P’ Pu — Moc” = 0 = pg — p* — moc 


or, because of po = E/c, 
Eo eip tie) = (1.37) 


Consequently, there exist two possible solutions for a given momentum p: one 
with positive, the other with negative energy, 


i 
B= 04) p? + méc? » Wty = Ace exp 5@ Shiga ) ; (1.38) 


A(+) are normalization constants, to be determined later. Inserting this into the 
density formula (1.35), we find 


é\E,| 
moc2 


at) = +—— Sava - (1.39) 
This suggests the following interpretation: ~+) specifies particles with charge +e; 
Y-) specifies particles with the same mass, but with charge —e. The general 
solution of the wave equation is always a linear combination of both types of 
functions. This point may be further clarified by discretizing the continuous plane 
waves (1.23). For that purpose we confine the waves to a large cubic box (normal- 
ization box) with edge length L (see Fig. 1.2) and, as usual, we demand periodic 
boundary conditions at the box walls. This yields in the well-known manner 


i 
Wart) = Ancty EXP F (ew Et)| f (1.40) 
where 
20 
Dh is erytt) + my CN 
mea 


Ey, =c\/pat+mic2=E, . (1.41) 


Here n is a (discrete) vector in the lattice space with axes n,,n,,n,. Using (1.39), 
the normalization factors Aj.) are determined by the requirement that 


3 x cE, 273 
ke = fd rocs(a) = # oP Anal L 


Choosing the phases in such a way that the amplitudes are real, we get 


moc?” | 


Fig.1.2. The figure shows 
a normalization box. Two 
standing waves along the x 
axis are indicated 
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and thereby 


moc2 i 
Y(t) = Ga exp E (p, -« F E>.) ; ee 


n 


Notice that the normalization of either type of solution (corresponding to pos- 
itive and negative charge) is the same. The only difference is due to the time 
factor exp(+i£,,t/h). The most general solutions of the Klein-Gordon equation 
for positive and negative spin-O particles read then as 


moc? i 
Ya = Do aPncsy = Dany] Taare F (p, +2 - E,.)| 


and 


- a 
Be = Lo baa = a ir [pe +E nt)] (1.44) 


respectively. Solutions for spin-O particles with zero charge can be constructed too. 
One immediately recognizes from the form of the expression for the charge density 
(1.35) that the Klein—Gordon field y has ito be real for neutral particles, in which 
case 


yr=v. (1.45) 


By means of (1.43) we can easily describe a wave front for a neutral particle: 


1 
Uno) = Vi (W2.5(p,) + ¥_)(—P,)) 


moc? i i 
IDE, {exp F (p, +r — E>.) + exp F (—p, + «+ En) } 


moc2 i i 
IEE, {exp E (p, -@ — F>.)| + exp -; (p, - 2 — E,.!)| } 


moc? Diet Et 
p: i ee ot es : 
= ( hi (1.46) 


Thus Yo) = Wo) holds and, therefore, according to (1.35) 


ihe ~« IYno) Ovo) 
Q’ = ogee Cee i YrO—>, = 0 


Furthermore, we realize that the current density 7/(a, t) of neutral particles (1.36) 
vanishes too. Consequently in this case there is no conservation law. Obviously the 
relativistic quantum theory necessarily leads to novel degrees of freedom, that is 
$0 say the charge degrees of freedom of particles. In a nonrelativistic theory free, 
spinless particles can propagate freely with a well-defined momentum p. In the 
relativistic case of free, spinless particle, three solutions, which correspond to the 
electric charge (+, —,0) of the particles, exist for every momentum p. 


1.4 Free Spin-0 Particles 


CCC) ir a a, a, 


1.1 The Charged Klein—Gordon Field 


Hitherto we have inspected the Klein—Gordon equation both for a real, i.e. un- 
charged, and for a complex, i.e. charged, scalar field. In the case of the complex 
field we specified a current 
ae ieh “WH Vly yp 
=aes = E: I 
eee) a (1) 


with 0j"/Ox" = 0 and a charge 
= (ieh/2moc’) [exes —yy*) . (2) 


Now we want to examine charged fields in a little bit more detail. To that end we 
decompose the complex wave function y(x) into real and imaginary components 
as 


1 
(x) = Va [yi(x) + iy2%)]_ , (3) 


where 1; (x) and y2(x) are real. If y(x) fulfills the Klein—Gordon equation 


Qe 
(0+ ) ex) =0 . (4) 


then it immediately follows that y~; and ~ also obey the Klein—Gordon equation, 
ie: 


phe)? 22 
(0+ ) es) =o and (n+ ) eax) =0 . (5) 


Conversely the following holds: If two fields y;(x) and y2(x) separately fulfill a 
Klein—Gordon equation with the same mass m = m, = mz, then the equations can 
be replaced by one equation for a complex field, 1.e. 


1 ; ‘ 1 : 
p= Vi (yi +ig2) and y* = Vi (Y1 — 192) (6) 
fulfill 
mec? mec? \ 
(a+ or) y= 0 and (a+ u |p = (7) 
By interchanging y and y* in 
ieh ae x 
= 5 | Pxo"e- 09") (8) 
2moc 


we obtain the opposite charge. Hence y and y* characterize opposite charges. 
These studies can, for example, be applied to the pion triplet (r+, 7~, r°): The 7°, 
being a neutral particle, is characterized by a real wave function, whereas n* and 


a 
(1.24 ) 


12 


Example 1.1. 
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ma, being charged fields, have to be represented by complex wave functions. 1* 


and 7 have the same mass and opposite charges, i.e. we can define 


=o" = (v1 — ir) 
Ota J2 YI Y2 ’ 
1 ; 
Va = Capi (9) 
and 
Pro = Yo = ¥o (10) 


Before we start to discuss the degrees of freedom, with respect to charge in 
detail, let us consider the energy. Is the energy positive (for positive particles), 
negative (for negative particles) or even equal to zero (for neutral particles)? In 
order to answer this question, we have to discuss the energy of the Klein—Gordon 
field within the scope of the general canonical formalism. 


1.5 Energy-Momentum Tensor of the Klein—Gordon Field 


In classical mechanics the energy is always given by the Hamilton function H 
which depends on the Lagrange function by means of the relation 


H = Yee —L (1.47) 


The classical equations of motion are obtained from the variational principle 
5 


6 [Lat Oo (1.48) 
which leads to the Lagrange equations in the familiar way,? i.e. 

i eo 0 1.49 

Ot 0g; O4i 7 : ( 2 ) 


The field theory is based on a similar concept* where the starting point is the 
Lagrange density 


Ove 
L (ve, 3) , (1.50) 


from which one obtains the Lagrange function by integration over the three- 
dimensional volume V 


> See H. Goldstein: Classical Mechanics, 2nd ed. (Addison-Wesley, Reading, MA 1980) or 
W. Greiner: Theoretische Physik II: Mechanik IT (Harri Deutsch, Frankfurt a.M. 1989). 
* See J.D. Jackson: Classical Electrodynamics, 2nd ed. (Wiley, New York 1975). 


1.5 Energy-Momentum Tensor of the Klein-Gordon Field 


cs Ove \ 43 
L= fev, ae ) x 2s (1.51) 


In general, the Lagrange density C depends on the various wave fields 7, and all 
their derivatives Ow, /Ox,,. Derivatives of higher order are not considered because 
they would lead to nonlocal theories. So the variational principle (1.48) reads 


6 f vat = 6 [ £( v0, 32) dx dt 
Ox, 
= 6 fc (ve a) d+x =0 (1.52) 
On 


and yields in the well-known way (see the following Exercise 1.2) the field equa- 
tions 


0 OF OL 


Bx* HOv,/Ox") Od, —° Oe 


Within the theory of wave fields (1.53) represent the equations of motion and 
are analogous to the classical equations of motion (1.49). Note the similarities 
and differences between (1.49) and (1.53): the variable ¢ (time) distinguished in 
(1.49) is of the same significance as all other coordinates of x” in (1.53). In (1.49) 


one considers the Lagrange function L, whereas in the field equations (1.53) L is 
replaced by the Lagrange density CL. 


POCONOS) 7g gg EEE SSS 


1.2 Derivation of the Field Equations for Wavefields 


Problem. Derive the equations of motion (field equations) from the variation prin- 
ciple for the fields w(x) 


[looters 


Solution. The variation is defined by 


6 fe ( vo sen) 


OL OW, ? 
= | [apo + sagan’ (Ge) |=? - dl) 


We make use of the possibility of interchanging variation and partial differentiation, 


Oba _ ees 
aes err 7 (bo a 6s) = dx aa te = axl! (6W,) (2) 


The second term in (1) is integrated by parts, taking into account that the variation 
of ws vanishes at the integration boundaries. This leads to 
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| | ac 8 aL 
E. 12. —______ | tx = 
es [80 Se ~ an Bee jam |= 8 me 


As these equations are valid for arbitrary variations 67,, one obtains the field 
equations (Euler-Lagrange equations ) 


fl edi is (4) 
Ove Ox AAW, /Ox#) — 


We will now demonstrate the procedure of the Lagrange formalism for the 
Klein—Gordon field. In this case we deal with two wave fields ~ and ~* (for 
charged particles). We could also choose the real and imaginary part of w as 
independent fields, but prefer the choice of ~ and y*. Now, the Lagrange density 
for the Klein-Gordon field is of the form 


* 2 * 
£(v, vane ) ie (oS Me {ie v v) 54) 


Ox#” Ox” 2mo Ox Ox” 


The constant h?/2mo is chosen in such a way that f £d°x has the dimension 
of energy, so that in particular the plane waves (1.43) carry the energy E,, [see 
(1.61) below]. The proof that this expression is the correct Lagrange density for the 
Klein—Gordon field is given by showing that, with the help of (1.53), one obtains 
the Klein—Gordon equations for ~ and ~* as resulting field equations. We note 
that one can immediately recognize from (1.54) that £ is a Lorentz scalar if yw and 
w* are scalar fields, which we assume. Because of the covariance of (1.53), the 
resulting field equations (in our case the Klein—Gordon equation) are also Lorentz 
invariant. Indeed, by inserting (1.54) into (1.53) one immediately obtains 


OE Oe ee 
Ox” AOw/Ox") ap ax¥7 Axe "FR 
Or 
On0 mace 
PO * 0 oP 
Saxe age, TY =O | (a8) 


and, analogously for the 2* field, 


OL ee : io ia i A ag me a 
io OOwOx”) - 5a 7 ed one 
or 


7 10? 


aap Ox 


2 
yy TO Wg (1.56) 


Hence, the Lagrange density (1.54) yields precisely the Klein—Gordon equation for 
the w field as well as for the y* field. 
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The energy and momentum of the wave field are described by the energy- 
momentum tensor, defined as 


OWs aL 7 . y» _N 
= 20 Gee Ox Ov, /ox) 9" «Aw =e peey co) 
The energy density H(x) of the field is identical with T°, 
He, ae (1.58) 
In our case one obtains from (1.54) that 
ow OL Oy* OL 


» = xe OOw/Ox) | Ox AOU" /Ox) fou 
he fae OMe er OOM 


~ Imo OxZ Ox¥ 9 Ox? Ox 
Oyw* Op m2 c? 
at Ace é 
(« eee 6) 9, 4 (1.59) 
and, hence 
Hx) = Te 


~ Om |? axe Oxo | 9: ce x0 


3) 
(eae “ee Y) | 


_ [oie Ob , 6 oy ov" 
~~ 2mo | Ax® Ox Ox 

2 RY Fyn Ceram 

: (Fs e = On One. whe ‘ i 


_ [1 0" au 
~ Imo |c2 Ot Ot 


he [» 200d" OD oo OY OY" 


=o] : (1.60) 2 


The energy H, which belongs to the plane wave solutions (1.43), is given by the 
integral, over the energy density in the volume L’, 


nh) — I, Te(n, +) d°x 


- / he ec (FEp,)? . moc? Py Dy , mec? me] a 
L 


3 2m |L3E,, Fc? ° LE, Fe h2 L3Ep, 
2 En 
= Woe? | 24 me : 21¥3 
~ Ding BE p, RR 
h? moc? 2 4 
——L=E 1.61 
7 Iino NEI SE fie se! hy ia 


5 See Example 1.3 and, for a detailed discussion, J.D. Jackson: Classical Electrodynam- 
ics, 2nd ed. (Wiley, New York 1975) or W. Greiner: Theoretische Physik III, Klassische 
Elektrodynamik (Harri Deutsch, Frankfurt a.M. 1985). 
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Although we chose the constant A?/2mpo of the Lagrange density (1.54) in such a 
way that the wave w,(4) carried the energy +£,,, the result (1.61) shows that the 
wave tn) also carries energy +E,,. Thus, we have found the interesting result 
that plane waves ~, 4) from (1.43) describe particles with positive and negative 
charge, respectively [see (1.39) and (1.42)], but that both waves carry positive 
energy +E,, = +c(p? + méc?)'/?, Hence, energy plays two roles: On one hand 
+E, characterizes particles with positive charge according to (1.39) — the plane 
wave in this case reading as y+) ~ exp[i(p> x — E,t)/h] — and —Ep, particles of 
negative charge — the plane wave in this case reads as y_) ~ exp[i(p - #+£,t)/h). 
On the other hand |£,| always gives the energy of the particles. 


C——E EE = ——— SS ——————_=_ 


1.3 Determination of the Energy-Momentum Tensor 
for a General Lagrange Density L(q_¢, Oyo /Ox") 


In order to calculate the energy-momentum tensor we start with the Noether theo- 
rem: Each continuous symmetry transformation which leaves the Lagrange density 
invariant, corresponds to a conservation law and, hence, to a constant of motion. 
Specifically we shall discuss the conservation laws, which follow from the trans- 
lational invariance of classical field theory. 

Consider the infinitesimal displacement 


ee 
Xy =X t+ Ep ; 


6%, =%,—Xp=Ey . (1) 
The corresponding variation of the Lagrangian is given by 


aL aL 
Os = mas = Hae, : (2) 


If, on the other hand, C is translationally invariant then £ does not explicitly depend 
on the coordinates. Thus, we can write L = L(,, 0, /Ox,). From this follows 
the variation 


OL Of Oe 
oy — dy, + —————~ os 
d. ee Ye + 5G, /Ox,)° &] 4 
The variation of 7, is obtained as 


_ Wo(%) Oy 
=a Oxy = Bev (4) 


be 


In the following we will also use the Euler-Lagrange equations (field equations) 


oc 8 «ey 
Ove Ox" AO, /Ox") (5) 
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Equating (2) and (3) yields 
OL OL OL Oe 
“Hox, Oe Ee as Senn aay i) 
7 OL Ove OL O (Ov. 
= fe Ax" H(Owb,/ a) Ox, HOWs/Ox,) Ox ie Z a 


where we have used 


Ove 0 OWe 0 Oe 
6 ee = it 
(se ) Ox, ( Ox ) pe Oxy ( On ) a 7) 
The rhs of (6) can be expressed as 
OL OL Oe 
Hox, x |e (Oe Ox.) ” «Bie ; 8) 


Since the result holds for arbitrary translations ¢,, we can write 


a) 


oe =0 . (9) 


These are four continuity equations (one for every v) and, thus, four conservation 
laws. T,,, is the energy-momentum tensor (stress tensor), given by 


OL OWe 


Tae = — Gul + Dip, [By Ox" wm 


For a better understanding of its physical content we will illustrate the meaning of 
the Jo component. For that reason, in analogy to classical mechanics, where the 
generalized momentum is given by p, = OL/Og,, we define the momentum-density 
conjugate to W(x, t) by 


OL bo, Oe / Oxy) 
OPo (a, t) 


Here the short-hand notation w, = 0, /O(ct) has been used. The classical Hamil- 
tonian reads 


(11) 


T(x, t) = 


H(p,q)=pq-L@.q) - (12) 


Analogously, we express the Hamiltonian as a volume integral over a Hamiltonian 
density H(7, w) with the definition 


B= [ee H(x(x,t), y(a,t)) , (13) 


and 


H= ae oe 7 (14) 
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Example 1.3. 


Using (14) and (11), we find that (10) yields 


Othe 
Py = / dx To, = / dix pease (15) 


with Op, /Ot = 0. The quantities p, are therefore constant in time, which follows 
from (9), because f dx OTo,/cOt = — f d?x OT;,,/Ox; = 0 according to GauB’s 
theorem. For the 7o9 component of the stress tensor it clearly follows that 


lo= > tee =H (16) 
g 
and, therefore, from (13) 
[ee To =H . ale) 
Hence, we can identify p, with the energy-momentum four-vector. Its time com- 


ponent is clearly the energy, and also each component of p, is conserved in time, 
i.e. it is a constant of motion. 


Sb hl a 


1.4 Lagrange Density and Energy-Momentum Tensor 
of the Schrodinger Equation 


Problem. Derive the Lagrangian for the Schrodinger equation and discuss the 
corresponding energy-momentum tensor. 


Solution. The Lagrangian is given by 


hf .Op dy" “ 
a ( ap ab) - vv (1) 


h2 
£L=->—(Vo")- (Vy) - 
Mo 


Using the Euler-Lagrange differential equation we will show that the variation 
of this Lagrangian yields the Schrédinger equation. ~ and y* have to be varied 
independently. 

The Euler-Lagrange equation, split up into space and time components, reads 


Die — Ox! DObe/Ox) Hai, % 


where the summation over i runs through i = 1, 2, 3 or 


a af ok 9 _ a 
At, — bo WAV be) G) 
First we vary with respect to ~* and obtain 
ie hie 
Vets Vy--b=0 . Sy 
Mo 1 
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Analogously, variation with respect to ~ yields 
fe fie 
—Va* +4 —— We * pa | ce : 
yp ee y+ a0 (5) 
Rewriting (4) and (5) yields the Schrédinger equation for y) and w* in the familiar 


form, 


h2 


A rf Peet koe D = A 
ify) = rae P+VY=Ay , 
. Rh A 
—ihy* = ae +Vy=Aty* , (6) 
Mo 


where 
z h2 
H = —-—A+ V(a2) 
2mo 


is the Hamiltonian. The conjugate momenta to ~ are 


aL ih, 
a, ; | (7) 
and 
»_ OL _ ith 
ie 7 : (8) 


Hence, the Hamiltonian density reads 
he Dre —L= eve Ve - SV ny . (9) 


We also determine the stress tensor belonging to the Lagrange density (1), 
Ow ais Oy" OL 
— = Ht LS 10 
Ox# OOw/ox) | ax Ow" /Ox) sd) 
In particular the To? component, split up into space and time components, is 

OL OL 


ine = 


Toe = O55 +" ap -—CL 
rms ee hi? * h } j * 
= hay + Hh + VU" Vet FON PO + VY 
me yi Vy ak (11) 
2mo ‘ 


that is, in accordance with (9). Ty° gives the energy density of a given system. The 
total energy of the Schrédinger field is then 


2 
H= [res = |[ (vw verve) dx 


ana (--v+v) Gees [vives 


i.e. the expectation value of the Hamiltonian. 
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Exercise 1.4. Calculation of the energy flux S: In analogy to the Poynting vector in electro- 
dynamics, S = E x B, the canonical formulation generally follows as 
S =[e,T! + exTo? + esTo'\c (12) 
where e; are the Cartesian unit vectors. In the case of the Schrédinger field we get 
spans 6) gf ae ie oe ; 
S207 +! ae oe ee (13) 
Paw? acver) 2m 


Calculation of the momentum density p: 


\ 
8) =(e:Ti° a énT,” ap ele 


aL ys 
= (WEE + (WWE 
= -RW'VY —0Ve) (14) 


This is the expression known to us from elementary quantum mechanics.° The 
remaining components of the tensor are called momentum fluxes. 


LNG OLS) SSS Se 


1.5 Lorentz Invariance of the Klein—Gordon Equation 


Problem. Show the Lorentz invariance of the Klein—Gordon equation. 


Solution. The Lorentz invariance of the Klein—Gordon equation is a direct con- 
sequence of the invariance of the underlying energy-momentum relation. In four- 
vector notation it reads 


3 
> Pup? = ppp? = E*/e? — p-p = mige? 
i—0 


Now it is helpful to express the Klein—Gordon equation in four-vector notation, i.e. 
Ee? 
ar? 


changes to 


—W os = (-WPV? + mpc*) 


moc \2 _ 
& + (=) | v(x.) =O , where 
0.0 
0 = — 
(op aime hae 


® See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994). 


1.6 The Klein~Gordon Equation in Schrédinger Form 2) 
Se a rere ced 


Hence, in the transformed system the Klein—Gordon equation should read Exercise 1.5. 


6) 6G 5 . sep 
a Ox! TK | W(x) =o wre «= . 


thus, it has to be shown that the operator (0/0x,,)(0/0x“) is invariant under Lorentz 
transformations. This may easily be seen, because 


el #) 
Pu = Hh 


ane and, therefore, 
Bs 


ee, 
Ox, xe ~~ PuP 


The length of the vector p, is, as stated before, Lorentz invariant and, therefore, 
the operator LJ is too. 

The transformation properties of the wave function can easily be deduced by 
looking at the plane-wave solutions of the Klein—Gordon equation, 


We — elkux” swith ky = a V ke + 2 
Cc 


The difference between ~'(x/,) and 7)'(x,,) should be noticed: y(x,,) and ' (x;,) refer 


to the same space-time point, i.e., ke = ye ay,” Xv, where a,,” is a Lorentz trans- 
formation, whereas 7(x,,) and ~’(x,,) refer to two different points with coordinates 
x, in the old and new system, respectively. 


1.6 The Klein—Gordon Equation in Schrodinger Form 


To demonstrate the new degrees of freedom of the charge in a more distinct way, 
it is advantageous to transform the Klein—Gordon equation (1.22) — which is of 
second order in the time coordinate — into a system of two coupled differential 
equations that are of first order in time. This is achieved by the ansatz 


6) 
V=—tx , ike =mcty-~ | (1.62) 


in which ~w and the time derivative 07/Ot are expressed by the two functions y 
and y. According to (1.22), the Klein—Gordon field fulfills 


1 @ Oe? Ee? Ee? pL} 
v=( ee - 


c2 Ot? ax?" Ay?" 22 
It is easily proved that the two coupled differential equations, 
h2 
nee SS Aviyt mee , (1.63a) 
Ot 2mo 
3] fe 
nx = ——A(y+ x)—moc?x (1.63b) 


Ot 2mo 


ap 


1. Relativistic Wave Equation for Spin-0 Particles 


are equivalent to the Klein—-Gordon equation (1.22). By adding and subtracting the 
equations (1.63), the following arguments can be made: 
(a) addition yields 


20 
ih (e + x) = moc’(p — x) 
This is the second equation of (1.62); it leads to the trivial equation 07)/0t = 


Ow /dt. 
(b) subtraction yields 


Bes. it 2 
ina ( — x) = Tae tate (e+x) , 


or, using (1.62), 


. 0 (ihe B ; 
ine (3) = ae aie p 
1 ay oe s 
aa wie 
1 Py mee? 
c2 at? ae re 


which is just the Klein—Gordon equation (1.22). _ 
The coupled equations (1.63) may be combined to form one equation. For this 
purpose we introduce the column vector 


Vee (?) (1.64) 
x 


and make use of the four 2 x 2 matrices 
meee, 0! Roel plas 0 noe 
WONT O0)' "a 0) + “Re esis) Sinem 
(1.65) 


These are identical to the Pauli matrices,’ with the significant difference that 
the matrices (1.65) do not act in spin space, but in the vector space defined by 
(1.64). The Pauli matrices fulfill the algebraic relations 


= , Ah =the =itn {k,l,m=1,2,3-cyclic} . (1.66) 


Using (1.6466) we can combine the coupled equations (1.63) to form a Schrédin- 
ger-type equation, namely, 


ao. n 
ina = Av , OF 


Onur 
(ins = fr) v= 0-, (1.67) 


7 These were introduced in W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. 
(Springer, Berlin, Heidelberg 1994). 
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where the Hamiltonian A; for free particles is given by 
os) n2 
“ at DP A 1 T yer 1 O 2 
ke= — = ——— 

f (F3 +17) ot Famoe? (¢ 7 f+ (4 }) moc . (1.68) 
Hence, in (1.67) we have found a Schrédinger formulation of the Klein—Gordon 
equation. Starting from (1.67) and using the relation 

AP =c*p’+mict , (1.69) 


it is easily proved that each component of the vector W of (1.64) individually 
satisfies the Klein-Gordon equation. This is most elegantly shown by applying 
(i0/Ot + H¢) to the ths of (1.67), yielding 


ee Dee) 
(ing. + fr) (ins. = fs) y= 
Oo. a 
eZ; 2 = 
(- 5a - APY = 
wo 4 RctA —meet\ w= 0 
asi Ar G — Moc = ’ 
or 
lb ake mic? 
See a = , 1.70 
(+352 At i )e 0 (1.70) 


In this representation the expression for the density (1.35) becomes especially 
simple. With (1.62) we find 


ee te ty Op oy" 
-_ 2moc2 (v v Ot ) 


Ot 
emoc? 


(w*(p — x) + Wy" - x*)) 


~ Imoc2 


= 2 [(y* +x*~ -x+ (H+ xXY* - x*)| 


= 5 (p*y — x*xX — PK CF OE" — xx" — + PK) 
=e (y"~—x*x) 
—eviav . C71) 


Similarly, from (1.36) we can infer the current vector in Schr6dinger representation 


 . eh 
J Omoi 


For the normalization of charge it follows that 


[Wie +in)VY — (VU) +i] . (1.72) 


[owes =te , or 


/ wiaw dx =+1= / Ge =v) dx. (1.73) 
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Let us once again consider free particles in this new representation. If we write 


y= O = a(*) exp 0 a En| (1.74) 
x Xo h 


and substitute this ansatz into (1.67) by means of (1.68), we find 


B\at  D\ pee 1 0 ip 
e(e)= (1 ie ae 1) moe?() , ee 


or, alternatively, 


i 2 
Egp=P-(w+xtmey , Ex= = =(O+ xy ocx | tae) 
2mMo 2m 


(Yo and xo are therefore readily determined by the solution of the coupled equations 


2 2 
(z - F- ~ moc?) wo - F x0 =0 


2mo 2mo 
2 2 
P P 2 
— E+— =) 1. 
(=) yo + ( + + moc ) xe ; lm 
and, since the determinant necessarily needs to vanish, 
y 2 
= ee eae 
p? 2 


It follows that 


2 2 2\2 
ee ae = iige yee ae 0 
2mo 2mo 
We thus recover the relativistic energy-momentum relation 


E? =p’c*?+mic* or E=+c,/p?+mic2=+E, , 


the corresponding solutions following from (1.77) and (1.74). We shall discuss the 
positive and negative energy solutions separately: 


(1) E = +E,: 
(+) (4) 
UO (p) =A : ex i(p - x — E,t)/h =(¢ 2) 1.78 
(+) a p [i(p ‘Pp )/ | xH(p) ’ ( a) 
where 
(+) 2 
Yo __ {moc + Ey 
(i) = Gece) (1.78) 
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1 1 
V Ee 6 A4Amoc? 


Equations (1.78) are readily understood if we refer to (1.76), from which we can 
deduce that 


Ay) = (1.78c) 


2 


(Ep — moc”) CN = — (E + moc’) xo” ae moc? — E,~° 


Choosing 
CO 3 moc2 =9h, 

it consequently follows that 
per inet et E, 


Equation (1.73) allows us to calculate the normalization constant A(;) from 
2 Che CF) nna a) a3 
|Ac+| (of Yo — Xo ‘0 ) d°x 
Z 2 
= [Acyl L? [(moc? + Ep)” — (moc? — Ep)’] = 1 
If we chose the phase to be real, the result is 


1 1 
Ao eee ee ee 
PVE moc?Ep) 4c? / DE, 


We proceed similarly in the other case. 


(2) E = —E,: 
() (=) 
= Po ~o (P) 
ws 1) = Acs( exp li(p-a + Et)/h =( x ) ; (1.79a) 
AYO [i( pt) | xp) 
where 
ey moc? — E, 
( zs) = ( 5 : and (1.79b) 
Xo Moc +E, 
A A(4) = ! = : : (1.79c) 
OO Jie Ep — f4moc? Ep 
In the nonrelativistic limit we obtain 
2 2 p? 
E> =e py? + mac? = moc’,/1+ a 
1 2 2, 
mz moc? (1 +35) = moc? + (1.80) 
2 mjc mo 


and, hence, 
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on 7 (inci i 
Aawyxg?) VIB \(moc? — Ep) / \/Ep4moc” 
a ( 2moc? /2moc? ) 


~ VB \[-p?/Qmo)]/2moc? 
1 ! ») 1 (:) 
= ea? (1.81) 


and 
ees) Si (oe 2s 


Ae — JL (moc + E,)/./Ep4moc? 


1 @) 1 /0 
= Beau > —— : ae 
a ( ie v/o—0 V/T3 () aii 
Thus, we can see that in the nonrelativistic limit for states with positive charge, 
the upper component is large and the lower one is small and vice versa for states 
with negative charge. 


1.7 Charge Conjugation 


By comparing (1.78a) with (1.79a), we may write down the relation 


o-(—-p) = (ae) 7 ae 


Nap) raghlG 2) 
(+)* 

Xx (+p) a 477(+)* 
= =F7V + ; 1.83 

This can be interpreted in the following way: If the state 

Y 

i= 1.84 
() te 


represents a positive charge, then the state 


CuCl =u, =7,0* = e ) (1.85) 


* 


describes a particle with negative charge. We call Y, the charge-conjugated state 
of W. Similarly, W is the charge-conjugated state of % because it obeys 


YHA) =v . (1.86) 


Explicitly, the charge conjugation implies the following transformations according 
to (1.83): 


Ci 
uw ee. 
P = 2 eae 
+E, ama —E, , (1.87) 


1.7 Charge Conjugation i] 
eee ee eee Ge ee 


If we (arbitrarily) call the particle described by W as the particle, then we call 
the particle described by % antiparticles. If we call, for example, the 7~ mesons 
particles, then the 7+ mesons are antiparticles. Neutral particles fit into this picture 
too, in that for these the charge-conjugated state is the state itself. In other words, 
neutral particles are their own antiparticles. So we have 


YT =av . (1.88) 


The factor @ has to be real. This important point can be understood if we imagine 
that, for a neutral particle, the Klein-Gordon wave function V = y + y (1.62) has 
to be real; therefore, 


Im y = —Imyx (1.89) 
must always hold. Since yw, in (1.88) is describing neutral particles, then similarly, 

Im(ay) = — Im(ay) (1.90) 
must hold: Both conditions, (1.89) and (1.90), necessarily lead to 

a real 


This can also be deduced from (1.88), where for neutral particles both w and aw 
are real. From 


“=v , 
it follows that 
(aV), =7(aW)* =atV* =aavV=V , 
so that 
a=1 , a=+l. (1.91) 


Accordingly there exist two different kinds of neutral particles, namely 


(a) neutral particles with positive charge parity, i.e. a= +1 
iw Vator o =X) (1.92) 
(b) neutral particles with negative charge parity, i.e. a = —1 


U.=40*=-W (or y* =-x) . (1.93) 
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FS a 


1.6 C Parity 


C parity stands for charge-conjugation parity or, less accurately, particle—antiparti- 
cle conjugation symmetry. To obtain a general definition, we choose to characterize 
a particle state in the following way: 


1b) = |M, p, J, As BO EN.) (1) 


This characterization is based on a set of quantum numbers with the following 
definitions: 

M = mass = energy of the system, 

p = momentum of the system, 

J = angular momentum quantum number, 

» 


= helicity = eigenvalue of the helicity operator, 
(A characterizes the spin projection onto the momentum direction), 


= baryon number, 


= charge, 


B 

Q 

L = lepton number, 

N, = muon number, compiled in the following table. 


Equivalently we can use the hypercharge Y, the strangeness S and the isospin 73, 
which are connected via 


to the charge and baryon number.’ 


Value of N,, for different particles 


Particle e',c ,dve po, pb, 2%,  Alleotier 


particles 


Nu 0 +1 =| 0 


The following processes are forbidden due to muon number conservation: 
T > +e 
y,+poettn 

On the other hand reactions like 


de+poet+n 
i+tpopt+n 


are allowed. 


8 See W. Greiner, B. Miiller: Quantum Mechanics — Symmetries, 2nd ed. (Springer, Berlin, 
Heidelberg 1994), 
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The muonic charge N,, and the lepton number L may be replaced by the alterna- Example 1.6. 
tive lepton numbers L, and L,,, which are listed, for convenience, in the following 
table. 


Value of L. and L, for different particles 


Eaicle vet ie s7. nu. , vu, Alleeiher 


particles 
L- =) “Fl 0 0 0 
Lu 0 0 mail +1 0 


The introduction of L, and L,, has the advantage that the set of quantum numbers 
is symmetric with respect to electrons and muons. Clearly one has 


eet, (2) 
and state (1) can be written as 

lv) = |M, p, J, A,B, Q, Le, Ly). (3) 
The charge conjugation is now defined by the equation 

Cin es, eB OL Ty) 


IM, p, de A; ae OQ; Le, Liye 
a Nc|M , P, Je A; ss =U). ele =L,,) ’ (4) 


tl 


which is simply saying that the C operator reflects (i.e. changes the sign of) charge- 
like quantum numbers, whereas other properties such as M, p, J, A remain un- 
changed. The former quantities are called intrinsic, while the latter are named 
external. The state |M, p, J, A; B, Q, Le, L,) is called a particle state, the state 
|M, p, J, A+B, —Q, —Le, —L,) is called an antiparticle state. Since Cp), 
should be normalized, e.g. 


(|e) =1 , 


and because the states (3) are also normalized, it follows that 
Ine|? =1 oO He= ee a Teal (5) 


This formal property does not yet guarantee that the operator C corresponds to 
a physical symmetry. For this, the states on the rhs of (4) have to be physically 
realized, which is the case for C in nearly all known theories; however, an important 
exception occurs for neutrinos and antineutrinos. 

Although neutrinos, in particular, are of great importance in the theory of 
weak interactions, the C conjugation cannot be chosen in this case as a sym- 
metry operation.? On the other hand careful investigations have shown that the 
Hamiltonians of the strong and the electromagnetic interactions have a vanishing 
commutator with C, ie. 


° This is discussed in more detail in W. Greiner, B. Miiller: Gauge Theory of Weak Inter- 
actions, 2nd ed. (Springer, Berlin, Heidelberg 1996). 
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Chan = ene . (6) 


Consequently, C is, as a matter of fact, a symmetry operation for all strong and 
electromagnetic processes. 

Let us now return to (4). If one of the charge-like quantum numbers is not 
equal to zero, then 7, has no physical meaning. Since, in this case, one is free to 
choose a relative phase factor between the states |M, p, J, A; B, Q, Le, Gis) and 
|M, p, J, 4; —B, —Q, —Le, —L,,) (which are assumed to be different), then we 
can choose 7, = 1. But if particles and antiparticles are identical, then (4) turns to 
be an eigenvalue equation 


(M5 py ,A20,0;0,.0), = ne\Maaped A350, 05050) ae (7) 
The eigenvalue 7, is named C parity. It is natural to postulate that the double 
application of the charge conjugation C leads back to the original state. Thus, 
(\M, Pp; J,;0,0,0, 0)e). =|M, p, J,A:0,0,0,9) 
= e|Mop, J, 4; 0/0/00) me (8) 
Therefore, 
i; On ie (9) 


If one considers a many-particle state, e.g. a two-particle state like 


|o1, 2) = |b) |b2) (10) 
where each particle state |¢;) has the C parity n{, then it holds that 


Clo1, $2) = nelor, $2) = |b1)clb1)e 
= ni? |d1)nP |1b2) = nO? |b1)|¢2) 
= on? |b1,¢2) - } (11) 
Thus, 


Rann? . (12) 


Since, from (6), C should be a symmetry operation, then C parity is a conserved 
quantum number for all strong and electromagnetic reactions. To illustrate this we 
consider the following three neutral particles: 


(a) The 7 meson, for which m,c? = 548.8 MeV, I, = h/t, = 2.3ke V [1MeV = 
(3/2) x 10°! s—'], charge = 0, spin/parity = 0+; 

(b) the pion 1°, with m,oc? = 134.97MeV, I’,.0 = h/t,0 = 7.9eV, charge = 0, 
spin/parity = 07; 

(c) the photon, having m,c? = 0, [', = h/t, = 0, charge = 0, spin/parity = 17. 
For these particles, the decay processes 
a eos 
n 3° , 
eae 
oe as ae (13) 
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may be observed, but the following reactions do not occur: 
a a 
Der Sy 
no fe By. (14) 


We understand both the allowed as well as the forbidden processes by assuming 
the conservation of C parity and assigning the C parities to the particles as shown 
in the accompanying table. 

TH/S 19 WRoSG.s SEE 
Particle y mm 17 J- GASI0ORaW/EZ PB 263 
C parity -1-1 +1 2. eres py 7H 

B-~ KotNIenx To RoF 

Of course, within a given process the C parity is only conserved if there occur 
solely particles with a well-defined C parity. This is true for reactions (13) and 
(14). The negative C parity of the photon, as shown in the table, can be understood 
more precisely: The photons are coupled to all other particles by the electric current 
ju. The interaction part of the Lagrangian is 


Leim = ju(x)A"(x) (15) 


where A(x) is the four-potential of the photon. Obviously, the current j,,(x) 
changes its sign under C transformation, 


CiaajC = -juG) *. (16) 
Therefore, 
CAH(x)C 7! = -A*(x) (17) 


must hold to save the invariance of the Lagrangian (15) under C transformation, 
1.€. 


Chee = Lain (18) 


The positive C parities of 7° and 7 follow from the existence of the decays (13) 
using (12). 


1.8 Free Spin-0 Particles 
in the Feshbach-Villars Representation’? 


We saw in (1.81) and (1.82) that positively charged particles possess a large upper 
component in the nonrelativistic limit (|g | > |x|) while negatively charged 
particles have a large lower component (|x‘| > |p|). Now there exists a 


101 Feshbach, F. Villars: Rev. Mod. Phys. 30, 24 (1958). 
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representation — the so-called & representation — in which the positive and negative 
solutions are always of the following form 


BO (p) ~ ia , Bp) ~ a (1.94) 
This representation is established by the transformation 

o=0€f, o = Pot ; (1.95) 
where U is the operator 


U agg’ Ee) a Es) (1.96) 
/4moc7E, 


with E, = c(p*+m pee and ¢! denotes the Hermitian conte of ¢; similarly 
OF, The 2 x 2 matrix U is not unitary in the usual sense (7 ~! # U') since 


zs * E —E, 
Ol cate, _ gird + Ep) + fi(moc? — Ep) (1.97) 
: /4moc*E, 
This can be seen directly with the aid of (1.66) and by the relation, 
Pa 2 E 2am 2a 2 2) 
O0-) = yn eee 


Amoc?E, a 4moc*E, 
Besides this, according to (1.78a) and (1.79a), plane waves are transformed by 


dO (p) = OW (p) 
1 1 sae (™, ee 


Vie /4moc2E, \moc* — 


( (moc? ap ea): ) = ( (moc? ae EA) 
1 moc? + Ep) (moc? — Ep) (moc? — Ep) (moc? + Ep) 


7) exptite: x —E,t)/h) 


1 
ae wee 4moc*E, 
x exp[i(p > x — E,t)/h] 
ae a : 
= (6) exlip eee oe (1.99) 


Similarly, we get 


dp) = OW) 


Ss 


1 1 =e, 
77 ae - x + E,t)/hl 
ae + Ep) (moe )- Gees Be) 


1 (moc* + Ep)? (moc? + Ey) 
ig 4moc*E, 
x expli(p- x + E,t)/fhi] 


ral) 
= 5 ({) exption- 2 + Bn /t . (1.100) 
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This is, in fact, the result required by (1.94). The normalization of the & represen- 
tation follows from that of W (1.73): 


+1 = | wanes = [orm noes 
[eOnt- ees = [olnoex 


(1.101) 
since, due to (1.97), #;0—! = U4, and therefore 


(O-y',0-' =(0-jt0a, = 0 


ies) 


ges = 


(1.102) 
Here we have made use of (7~!)t = O-! which also follows from (1.97). In 
analogy to (1.101) we define a generalized scalar product or ® product 


(UD \o = i Wiaw Px 


(1.103) 
One recognizes immediately that, as in (1.101), 


(P|) = (|) 


? 


(1.104) 


i.e. the generalized scalar product is invariant under the transformation (1.95). It 
seems natural to call an operator A, with the property 


(D|D')a = (AD|AP') a 


b) 


(1.105) 
® unitary. Such an operator has to fulfill the condition 


(1.106) 
since f W170’ d?x = f DIAt#,A®’ dx and, thus, AtHA = 7 or ATA = AM!. 


The U operator (1.96) is a member of this class. If A and 7; commute, then the 


relation At = A~! follows from (1.106), i.e. the usual unitary relation. 
The charge Q of a state W is given by the integral 


Q= e | vinw ds 


(1.107) 
In the following exercise we will show that the average energy of a state W is 
determined by 


E= : wt, AW dx 


(1.108) 
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1.7 Lagrange Density and Energy-Momentum Tensor of the 
Free Klein—Gordon Equation in the Feshbach-—Villars Representation 


Problem. Determine the Lagrange density of the free Klein—Gordon equation in the 
Schrédinger representation (Feshbach—Villars representation). Subsequently calcu- 
late the energy-momentum tensor and show that the energy is given by the expres- 
sion E = f 017, ApY dx. 


Solution. In the Schrédinger representation the equation of motion for the Klein— 
Gordon field reads 
ihd,V = Ap’ with 
4 p 
Hy = (73 + itz) —— +Fsmoc? . (1.62) (J) 
2mo 


The vector WY has two components, Y = (2) = wi = (¢*,x*), and we define 
W = Wit. To prove that the Lagrange density 


2 
£ = ihWa,v — ve (3 + ify) VW — moc?W Aw (2) 


yields the correct equation of motion, we vary the action integral J = f Ld*x 
using the standard method. This variation with respect to the components of Y 
results in equation (1), 


Or 
OW, 
OL OL 
=> 0, -——=>=— [SS 
WOVa) We 
> ee +V- eee - ae = 
OVV.) OWe 


a 
2 


eee . f 
a ro if2) VW — (ihd,W — moc?FW_) = 0 


with a = 1, 2. 
__ Similarly, variation of Y results in the corresponding equation of motion for 
Whe; 

Ol OL OL OL 


A: 9 5 Gee ee 2 
av, See eS gay 


haw ee 2 (Ha 
=> -ihd,v, = mone (W(F3 + if2)) , + moc (Ws). 
If we had defined the Lagrange density with W' instead of VW, the same equation of 


motion (1) would have resulted from the variation with respect to ¥!. However, 
we demand the action J = f d°x dt £ to be real which results in the condition that 
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— Ss 2 F og —, 
/ [Pinay = ve Vu — moc VA) d3x de 


(partial integration) 


= 22 
= / fF (ia mee (#3 + if2) — me? M4 
2mMo 


must be real. This is the case if each of the operators 


d?x dt 


2—72 


hoe; — B 
2m 


(73 +172) + moc?F3 = A; 
fulfills the generalized hermiticity condition 
CF= 2,0 \ = 0 


This has already been proven [see (1.109) and (1.110)] to be true. The integral / 
would not be real if, instead of Y, the spinor Wt had been used. 
We now calculate the energy-momentum tensor from CL, i.e. 


OL fe 
no to oe : 3 
wv 10,2) 5) 0,V) Le G) 
to obtain 
= = kh = Pas, 
To = ihWd,W —ihVO,U + ET ae Hit) VW 4+ mcVAV , (4) 


and 


E= [1eex= | Tod's 


2 ae 
= i (5 VF (73 +i) VY + mooi ) d°x 
2mo 


2 
= [® (-5- (73 + 172) We SF moc"*s W dx 
2mo 
= / WPA dx (5) 
which is just (1.108). 
Ee ET 


From (1.107) and (1.108) we can now guess the generalization of the expecta- 
tion values of arbitrary operators L and define the mean value (expectation value) 


(L) by 
(y= i wie bw dx , (1.109) 


where (L) must be real. This results from the condition that 
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t 
/ Wesbw Px = ( i, Vinbo es) = / WIL AW dx 


Therefore, 
A a Hef. pte Ff 
BL=L'?; of LO S=hl'n=L , (1.110) 


which is the generalized hermiticity for an operator L. We immediately see that the 
hermiticity of the Hamiltonian Hr is general, because 


a2 


2mMo 


A Pets 5 a A A 2| - 
oe RAL = fy CG — ity) + #3moc | Fy 


a2 
= C ar ae ame F373 = A; : (1.111) 


Nevertheless, the operator O (1.96) is ordinary hermitian (i.e. hermitian in the 
standard sense), i.e. Ut = 0. 

The generalized scalar product (1.103), (1.109) necessarily leads to a transfor- 
mation law for the operators £ when changing the states according to (1.95). We 
simply calculate 


i: wia,tw' Px = / BH (0 -)14,80 6 &x 


= [onoloa es 


= ‘ BAlgeP' dx , 
using (1.102). Thus, 

Lp = Ula. (12) 
This is the transformation law for operators covering the transition from W repre- 
sentation to ® representation (1.95). 

Remark: Notice that the transformation law for operators depends on the defi- 


nition of the scalar product. If, instead of the ® product (1.103, 109). we had used 
the ordinary scalar product 


(w\w') = / why’ dx 
with the matrix elements for operators L being 
(D|L|w') = i wiiw' dex , 
then the operator L in @ representation (we denote it by bey would have been 


i: WEY Bx = / BO VLU Ode / B' 1,8! dx 
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Thus, 
(oa =o e 


i.e. a different law from (1.112). It is important that, because of physical reasons 
(charge interpretation), only the generalized scalar product (© product) makes sense 
to us and thus the transformation law (1.112) will be used in the following. 


Labs) Se 
1.8 The Hamiltonian in the Feshbach—Villars Representation 


Problem. Show that, in the Feshbach—Villars representation, the Hamiltonian for 
all momentum eigenstates is given by Hs = UH;U~! = T3Ep. 


Solution. According to (1.112) the Hamiltonian H; of (1.68) for a free Klein— 
Gordon field transforms, under the transition to the Feshbach—Viilars representation 
(1.95), according to 


(E, + moc?) 11 — (moc? —E pot 
\/4moc2E 


(moc? + Ep )il + (moc? — E pith 


He = Uo 


i. =f ime + F3moc ] oe anton 


/4moc?Ey 
If we define 
2 oS 2 sed 2 
G.= moe +E, , @.=Wee —E, , aG=moc , 
then it follows that 
a2 
Hg = ae [ay —a_?\| Py +i) +a%s (ay + a_7;) 
4moc*E, 2mo 
1 : ee 
= —— —a_7T|| |a4 — (73 + 17 


reer 
ee ica pasar 
2mMo 
a2 a2 


oe (73 + i?)) + aza_ = (7371 + ifot,) 
mo 


1 
— Amoc?E, 


a2 
AA AA Pp 

+ aa‘. 73 + da_as737, —a_a 
ats LUTE + mo 


(7173 + 17,72) 


a2 
A A OA ‘A A A A A ZAAA 
mn i (Pah + 17, F271) — da4a_T73 — oat 
mo 


a) 
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For momentum eigenstates the operator p can be substituted by its eigenvalue. 
Therefore, with 7;7; = icy, 7, (i #7 = 1,2,3) one has 


3 SF iT) — HiT oF; + 737; = —iF\ 7 — T7173 
A A aA "A A A 1 l 
= —717371 — 171727] = es oes ’ 
and 
pe Ee ee 
1737] = -73 = ae | ' 


as well as 


and we get 


a il 1.1) | Gee p Pi yee 
fem amecte, |( 1-1) {etey tre Be tae 2 at 
[Peers ee 0 : 
+(6 f)(aratah + (_ 1 {2aa_a,} 


1 
- Amoc*E, 


+ ify {ia +a_ ye + 2aa_ ai} 


2 
E {as ee + (a ‘a 


Using the relation 


D Pp ae 
(a, +a_) ae = 4mec* Hae = 2moc*p*c? , 
(a, +a2)a =2mpc? = (mgc* + E?) = 2moc? (2mpc* ee), 
2aa_ay. = 2mgc? (mgc* — E>) = —2mgc*p*c? 
we obtain 
yy a 272, on a 
= Amoc2E, [73 -4moc E, aF hig 0] = TE, 


SS eee 


From the free Klein-Gordon equation in Schrodinger representation (1.67) 


ow 
— = Aw 
Wee f 


and by the application of 0 from the left it follows that 
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Using the results of Exercise 1.8 and (1.95), we obtain the free Klein—Gordon 
equation in the Feshbach—Villars representation, i.e. 


OD ~ 
ina = TEP (1.113) 


This equation yields two different solutions for any given momentum p, one with 
positive (+E,) and one with negative (—E,) time factor. They are precisely the 
solutions (1.99) and (1.100), obtained by the direct transformation, and can be 
interpreted, according to the time factor, as belonging to positive charge or negative 
charge, respectively (see Exercise 1.9 for further details). 


EXERCISE 


1.9 Solution of the Free Kiein-Gordon Equation 
in the Feshbach-Villars Representation 


Problem. Solve the free Klein—Gordon equation in the Feshbach—Villars repre- 
sentation (1.113) directly and show that the solutions are identical to (1.99) and 
(1.100). 


Solution. The Feshbach—Villars representation of the Schrédinger equation reads 


SOD 
in = RRE,P ) 


where the ¢’s are eigenstates of the momentum operator 


0 
P=explip-r/h)d , o={ ) , 
Do 


E, = 1/ mect + pc? 
By inserting the matrix 73 we get 
(yee v1 
inn. e = Ep ia 
and, thus, 
1p Ep. 5 ih}, = —E,V2 


Integration yields 6, and 02 is the form of 
0, = N, exp (- Ent 


i 
02 = Nz exp (+ 58] 


N, and N> are normalization constants which are determined by the normalization 
condition (1.101), 
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[oinoar [oiroer =41 , 


yielding 


1 
2 2 

— |Noj° = +> 
\Nil> — |Na| Vv 


Hence, we obtain two independent solutions [see (1.99) and (1.100)]. 


oh — 3 (3) exp 5 gee 2) , charge +1! 


ig A) i 
GO = W ic) exp Fo T +E) , charge — 1 
Again each linear combination 
nO 4+ m6 , with \m|? = Ital? = lee, 


is a normalized eigenfunction of the momentum p with charge +1, and each linear 
combination with |n,|? — |n2|? = —1 is a normalized solution with charge —1. 


We denote the solution (1.99) and (1.100) of the Klein—Gordon equation (1.113) 
for fixed momentum p (see Exercise 1.9) by 


Py, 3 


nh 
p= tp} 4m} nj =0,+1,42,...5 A=1,-1 . (1.114) 


From now on we drop the index i on p;, which has its origin in the box normal- 
ization, to simplify the notation, e.g. Dae means De The index A = +1 denotes 
a positive charge state whereas 4 = —1 denotes a negative one. The states py 


in (1.114) form a complete orthonormalized system. Hence, the following relation 
holds: 


i PB) Op, dx = bpp dv, (1.115) 


where A, A’ = +1 and p, p’ take the values given in (1.114). Let us now consider 
a general state © containing particles with positive as well as negative charge. We 
can recognize and distinguish between the charged particles by expanding ® in 
terms of @p, to give 


B= J ap. ,Sp.n = >> (Gp,41Fp,41 + ap,-1%p,-1) (1.116) 
p,A p 


where the expansion coefficient ap, is given by 


ap, = [oases (1.117) 
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For the total charge we obtain 


Pp 


The total number N of elementary charges which are contained in the state & 
can be positive, negative or zero. a, lap,+1|* is equal to the total number of 


positive elementary charges and 8 |ap,—1|* equal to the total number of negative 
elementary charges in ©. 


1.9 The Interaction of a Spin-0 Particle 
with an Electromagnetic Field 


The electromagnetic field is described by the four-vector [defined in (1.14)] 
At — {Ao, A} = {Ao, Ax, Ay, A; } = aay ’ 
ae = GpvA = {Ao, —A} 
In the case of nonrelativistic quantum mechanics we specified minimal coupling 


of the electromagnetic field, 


a O é 
in— — p=>-ihV---A 
E> ihe eAg , p>-—ih : : 


which can be compressed to the four-dimensional and covariant form as 
p! => p"—=A" or Pu > Pu- —Ap : (1.119) 
Cc 


With the same minimal coupling, the free Klein—Gordon equation (1.21) is trans- 
formed into the Klein—Gordon equation with an electromagnetic field (compare 
with the later passage on gauge invariance of the coupling), 


é 
(6 - <a") (8, — <Ay) v= mpc?w (1.120) 
or 
(inden) (oafe-ta)Joemen am 


and, explicitly, 
i f.2 0. F : ee ee 
a2 (ins. eAo) i= (> (+ings Bo <A;] + moc” | p 
GN a 
= (Hav + <A) amc2\b . (1.122) 
In order to examine the charge and current densities, we start with (1.121), multiply 


by 7)* from the Ihs and subtract the complex conjugate. These operations can be 
symbolized by w*(xx) — y(xx)*, where (xx) denotes (1.121), and they result in 
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nuclear radius 


Fig. 1.3. The Coulomb poten- 
tial of a negatively charged 
particle in the vicinity of the 
atomic nucleus 
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Ome ie ] ié 
= f* |g Be ao ae 
oe (gr +4) (Gate »)|v 


pie ié ) le i 
= [-3" (Gas ia’) a me) 


ae ar = 3 a> ve == Au 
Pao 5 moe ie! “ae bag | 
ee = (vac - a) eS (v7eAw") 
One calls 
i= se (v (v ans ) - Say = {00-3} 0.123) 


the four-current density in the electromagnetic field A,. Obviously, the following 
relation holds: 


gt’ ——j, = ~——j*=0 . (1.124) 


This is a continuity equation for the four-current density, usually its meaning is 
that of a conservation law. Suitable normalization [like in (1.123)] yields charge 
conservation. Note that (1.123) is identical to the previous result, (1.34), if we 
exclude the term proportional to A,. To make this fact more evident we write 
explicitly, 


! e “ 
a ees me (v5. ov dew )- Far hove (1.125) 
and 
+e ihe * * e? * 
j= — 7 WV — V0") — <— Avy (1.126) 


and compare these expressions with (1.35) and (1.36). It is remarkable that electro- 
magnetic potentials appear in the charge and current densities (1.125) and (1.126). 
To obtain a deeper understanding of this fact, we consider a negatively charged 
particle in a central Coulomb potential, which is given by 


eAo(r)=Ze?V(r) , A=0 , GA?) 


V(r) ~ 1/r for large r and rounded off as for an oscillator within the range of 
the nucleus (see Fig. 1.3). A stationary state of the Klein-Gordon equation has the 
form 


w(r,t) = V~(r)exp(—iet/h)  , (1.128) 


where |e| is the energy of the particle (see Exercises 1.10 and 1.11). The charge 
density (1.125) can be calculated as follows: 
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~ eAo(r)] [e + Ze?V(r)] 
t wie le é Oa) * me * 
o(r) mE? wy" (r) oa wy (r) . (1.129) 
Therefore, the charge density becomes 
o' >0 for e>eAo(x) , o' <O for e<eAd(x) . (1.130) 


In the first case the charge density has the same sign as the charge, e, of the particle; 
in the second it is the other way round. The charge density has the opposite sign to 
the particle charge e, wherever the potential energy has values so that € < eAo(x). 
The physical meaning of this change of sign of o’ in strong fields can only be 
understood within the frame of the field theory where the number of particles 
becomes variable. One can imagine that in the areas of strong fields, particle— 
antiparticle pairs will be produced and that the potential term in the charge density 
(1.129) may be interpreted as simulating such many-body aspects. 

Now let us carry over what we have said about normalization and the energy 
factor ¢ for the Klein—Gordon equation to our present case. The charge normal- 
ization is carried out according to f o'(a)d°x = +e (e being the charge of the 
electron). For 7~ mesons (€ < 0) we take the positive sign, for bound 7* mesons 
we choose the negative sign. Hence, the charge density for 7~ mesons becomes 


[e + Ze*V(x)] 
moc2 


g(x) =e p(a)y(a) . (1.131) 


Figures 1.3 and 1.4 illustrate strong Coulomb potentials and the corresponding 
charge density."! 


0 1 3 


r [fm] 
Fig. 1.4. The radial density or’ of a meson in the 1s state of an exponential potential 
of the form V(r) = Zaexp(—r/a) (see Exercise 1.15). The range parameter a of the 
potential is chosen to be a = 0.2A, where A, = h/m,c is the Compton wavelength of 
the pion. The coupling strength is fixed by Z = 2158. Such an extreme central charge is 
chosen to make various new features of the Klein-Gordon equation especially obvious. The 
energy eigenvalue of the 1s pion bound in this extremely short range and deep potential is 
E = —0.958027 measured in units of the rest energy Myc of the pion. It is evident that 
the charge density is not positive definite, and that antiparticles can also be bound in this 
potential. The radial density of antiparticle in the same potential is shown by the dashed 
line — the energy eigenvalue of a bound antiparticle is E = —0.983275 mc? 


11 See W. Fleischer, G. Soff; Z. Naturforsch. 39a, 703 (1984). 
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An interpretation of the positive part of the charge density is that, in strong 
fields, some fraction of 7+ mesons is always mixed with the 7~ meson. This indi- 
cates the great difficulties of the single particle interpretation in strong potentials. 


fd 0) an 


1.10 Separation of Angular and Radial Parts of the Wave Function 
for the Stationary Klein-Gordon Equation with a Coulomb Potential 


Problem. Separate the angular and the radial part of the wave function for the 
stationary Klein—Gordon equation for spherically symmetric Coulomb potentials. 


Solutions. We put eAg = V(r) and A = O. Then the stationary Klein—Gordon 
equation reads 


[(e — V(r)? — meet + Woy’ | wr) — 0 (1) 


or, explicitly, 


led oe) 1.32 a 1 oO 
ee a ee ee ots Oe eee 
ine E Or (x =) oF r* sin 6 06 (sino) a r2 “apo vr) 


= [(e-V@y —mpc*] wir). (2) 
For the wave function ~(r) we make the following separation ansatz 
V(r) =u(r)Y(O,9) . (3) 
This leads to 
10 Ou r 
pigs 8 OLS - ae ~~ 
9) ar? Dy +. {(e V(r)) moc ah 0 | 
ie. oF lea 
sind 36 3m Go ace ; (4) 


where A is the separation constant. The solutions of the last equation are the 
spherical harmonics Yj, with A = 1(1+1), 1 =0,1,2... and m = 0+1, +2, 43...!2 
With this the radial differential equation follows as 


i Laas oe8 
Fer ( 5 ) +s ~ (= {oe (5) 


or h2c2 


Hence, using the common ansatz u(r) = R(r)/r, follows the transformation of (5) 
into 


d@ 11+) 
os ia a | Rey=0_, (6) 
where 
(e — V{r))? — mec 
K? = hc? : : (7) 


12 See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994). 
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SS ee 
1.11 Pionic Atom with Point-Like Nucleus 


Problem. Find the solution of the Klein—Gordon equation for the 7~ meson in 
a Coulomb potential and discuss the energy eigenvalues. The pion has the mass 
mc? = 139.577 MeV and spin 0. It obeys the Klein—Gordon equation. 


Solution. We use the result of the previous Exercise 1.10. The attractive Coulomb 
potential Ag(r) = —Ze/r is coupled as the 0 component of the four-potential in the 
Klein—Gordon equation (a = e”/hic = 1/137.03602 is the fine-structure constant), 
giving 

d@ Il+1)—(Za) 2Za mec*—e? 

aie Cie) ee ieee © Ri(r)=0 . (1) 

dr r? her hc? 
Now the energies and the wave functions for the bound states in the energy range 
—moc? < € < moc? are to be calculated. Therefore, we first transform the above 
differential equation with the help of the substitutions 


1/2 

ga pine! - 24 

he ; 
p= fr wih 0O< p< 00 , (2) 
mage (jt. se y — 2hae 
2 i ~ hep 

and obtain 

ae we—-1/4 A 1 
es SG es), -0. 3 
a =F = 2) Ro) 3) 


In order to find an ansatz for the solution it is useful to first study the limits @ — oo 
and 9 — 0. In the case 9 — oo we can neglect the terms proportional to o-' and 
go in (3) and, therefore, 


T-1)\ Re) =0 (4) 
i) dn 
Its solution can easily be determined with the help of the exponential function 
Ro) = ae? +bete/? (5) 
g-700 


b = 0 follows from the requirement of normalization of the wave function. In the 
case 9 — 0 one can neglect the last two terms in the above radial equation and is 
led to 


d2 Ve = 1/4\ 
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Exercise 1.11. 


With 

R(g) =a" , (7) 
it follows that 

aviv — 1)? —a(w—1) 0" 7 =0 , (8) 


which is a determining equation for the power v, given by 


ve =teyfitw—Zotte . (9) 


Since p can, in principle, take all positive values, and the wave function must not 
have any nonintegrable divergence at the origin, this unambiguously fixes v,!? 


voltp . (10) 


Furthermore, we see that the radial function u(r) = R(r)/r has a singularity at the 
origin (r = 0) when / = 0, though this singularity can be integrated; therefore, the 
wave function can be normalized in spite of the singularity. This behaviour of the 
wave function for r — 0 is quite novel compared to the Schrédinger wave function 
and characteristic of relativistic s wave functions in the Coulomb potential. Because 
of the definition of jz we further see that, for / = 0, only real wave functions can be 
found for Za < 1/2. For larger values of Z the parameter ys becomes imaginary. 
Because of (5) and (7) we now choose 


Ri(o) = Ng'/?*#e-&/2¢ (9) (11) 


as an ansatz for the full radial equation, where the still unknown function f(g) 
should be constant for g — 0 and should guarantee the normalization for 9 — oo. 
Inserting (11) into the radial equation (3) we find the following differential equation 


for f(g): 


ay eo \¢ p+1/2—-A 
= a | |) Ee = . 
de P de é f(o) =0 (12) 


For simplification let us introduce the new abbreviations 


22 pba. ; b+h—-A=a ‘ (13) 
so that 

d2 d 

os (ema 

de o do o 
results. 


Now we try to solve the differential equation for f(@) with the help of a power 
series expansion, 


'S This is not true in the special case 1 = 0. Here the solution with v_ can also be normalized, 
and one must set another criterion in order to exclude this case. For example, one can 
demand that an expectation value of the kinetic energy should exist. See Exercises 9.8 
and 9.9 in which the analogue problem for the Coulomb solutions of the Dirac equation 
is carefully discussed. 
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iO ao -. (14) 


n’=0 


Inserting (14) into (13) yields 


Yawn'e be" bey weed! =e 
_ 2 n' dno" —a Se no” 1s (15) 
i=l 


n’=0 


A comparison of coefficients of equal powers in 9 gives 


ado 
a= = 
c 
oe ay(a + 1) 
ae 
(16) 
or, generally 
_ an-14 +m — 1 
ae cea | o> 
Therefore, f(@) can be written as 
a, aati | (a)n 
= 1+- _ =< — , 18 
Fle) a (1+ S044 ny a ..) =a coy Oe oe 


n’'=0 


The function defined by the series (18) is called a confluent hypergeometric function 
iF \(a,c; 0). Note, there is always a generalized faculty function in the nominator 
and denominator of each term of the sum. However, the confluent hypergeometric 
function diverges for @ — 00 as 


FC) ja-coe (19) 


1F\ (a,c; a aa ; 


Thus, the normalization condition can only be fulfilled if it is certain that the series 
breaks off at a fixed value of n’. If a+n’ = 0 holds, i.e., if a is a negative integer, 
then all terms of higher order, m > n’, are also equal to zero. 

The energy eigenvalue for bound spin-0 particles in a Coulomb potential can 
be calculated from (13). Starting from 


we if a ZOE 
it follows that 
ee ={\/3 
roy 
Ent) = —moce? 114+ ee (20) 


(n+ 4400 +42 —Zayy/2)’ 


47 


Exercise 1.11. 


48 


Exercise 1.11. 


1. Relativistic Wave Equation for Spin-O Particles 


Thereby, we have chosen the negative square root, because in the case of no fields 
(Za — oo) the free solution, i.e. the negative time evolution factors for negatively 
charged particles, must be obtained. The energy itself is given by 


=? 
Z 2 
Ent = [toes = moc” | 1+ ee (21) 
(n’+44+[( + 4)? —- (Za)}!/2) 
(see Exercise 1.12). Defining the principal quantum number as 
n=n'+I41 , (22) 
we may rewrite (21) in the following form: 
ee -1/2 
Eni = moc? jl +E et 
(n-1—44[(1 + 4)? — (Za)?]!/?) 
n=1,2,3;... , t=O oe (21a) 


By setting N’ = Nao, the eigenfunction can be written as 
Ri(9) = Not tN2e- 07? Fy (w+ 3 —A,2u+ 150) =N'Wy (0) , (23) 


where W) ,,(@) are called Whittaker functions. Expanding, finally, the above eigen- 
value in a series of powers of Z yields 


Zea (Zone a 3 
le = 2 1 -—~ -—— | ——— - - ae : 
A ee ee In? In! (; sciy 7) 3 ai. 
a Se 
EnECgY Schrodinger 


. relative 
eigenvalue 


correction 


The binding energy of a bound Klein—Gordon particle is defined as E, = E —moc?. 
Some numerical values for the binding energy of 1s pions (n = 1, / = 0) with 
mass m,c? = 139.577 MeV are listed in the following table. 


Binding energies of 1s pions for various central charges Z 


tb E,/MeV 7b, FE, /MeV 


10 —0.374 50 = 1s 
20 —1.528 60 =1oo! 
30 —3:568 65 —26.34 
40 —Oj2o 


From the energy relation (21a), one learns that for Za > 1/2, there is no energy 
eigenvalue for the 1s state (n = 1, 1 = 0), because the energy becomes imaginary. 
The energy eigenvalue for ls pions at Z = a~'/2 ~ 68 are E,y) = m,c?(2)7 1/2 
(see next figure). The corresponding binding energy is about Ek, ~ —40 MeV. 

To determine the energy eigenvalues for s states for which Za > 1/2, we must 
investigate the relativistic case of extended atomic nuclei. Therefore, in Exercise 
1.13 we will solve the Klein—Gordon equation for the Coulomb potential rounded 
off by an oscillator potential. Furthermore, one has to take into account that pions 
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Z 


and the nucleus interact strongly. Since the pion is 270 times more massive than 
an electron, its wave function already has a considerable overlap with the nucleus. 
Therefore, corrections to equation (21) are to be expected, based on the strong 
interaction, which can be quite massive. 


1.10 Gauge Invariance of the Coupling 


We know that electrodynamics is gauge invariant. By that we mean that the elec- 
trodyncamic laws (Maxwell equations) do not change under gauge transformations 


Ox(x) 


eilep! 
or (1.132) 


Al,(x) = Aux) + 


The argument x represents all space-time coordinates, i.e. 
Cin ile tin. 3 
Nea 1 te REX” Pees << 


We now investigate the consequences of the gauge transformation (1.132) for the 
Klein—Gordon equation (1.121), the transformation producing the change, 


0 
ga (in 2 = <A; (ing, = <a, wp ae mecry =1() ) 


On Ox 
or 
ae e e Ox 0 e e Ox 12 
py a Ss =) 
Ge Cus <x) ( Ox che <x) y Ae 
or 
eG e po). e j Sony 
gt” (ine _ <A, (ins — <A, | p—-mcy =0 , (1.133) 
with 
i je (1.134) 
w= exp( 5 x] ¥ 


Solution of the Klein—Gordon 
equation for a central Cou- 
lomb potential. The energy 
is given in units of the rest 
energy m,c’. For the 1s level 
there are no solutions for Z > 
68, and, similarly, for the 2p 
level when Z > (3/2)(1/a) 
~ 205. This changes if the 
finite size of the central nu- 
cleus is taken into account 
(Example 1.13) 
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In other words the gauge transformation (1.131) changes the phase of the wave 
function only. The phase factor exp[(ie/hc)x] is the same for all states w. Since all 
physical observables are represented by bilinear forms of the structure w;,... Vn; 
a common, identical phase factor does not play any role in the physics. Thus, we 
say that the Klein—Gordon equation is gauge invariant for the minimal coupling 


? ee, ie re e e Ox je 
(20-541) ¥] ex fe) z ( ae a) 7 ie je] 
= O e ie 
= | (ings — <A, wy exp (<x) | (1.135) 


and therefore also for arbitrary powers 


(0. ~ £41)" wesw (Ex) = [(6- £4)" born (x)] 


= (6. _ “Av) | oe (1.136) 


and, consequently, also for arbitrary operator functions f (f, —(e/c)A,), which are 
expandable in power series of (6, — (e/c)A_), giving 


If (@ — £41) v] exp (Fx) = |p (@- £4.) v'] (1.137) 


Thus, minimal coupling is gauge invariant in this very general sense. The paren- 
theses [...] used in the above formulae shall help to illustrate the action of the p 
operators more clearly. 


1.11 The Nonrelativistic Limit with Fields 


We can study the nonrelativistic limit of the Klein—Gordon equation in the form 
of (1.122) with the help of the transformation 


W(a,t) = y(a@, t)exp (— jm’) (1.138) 


(p(x, t) characterizes the nonrelativistic part of the wave function, for which the 
relations 
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Ay | < moc lel » ledoy| < moc?|y (1.139) 


must be valid. The first expresses the smallness of the nonrelativistic energy 
(ih(O/Ot) is the energy operator) compared to the rest energy; the second con- 
dition means that the potentials involved have to be flat compared to the rest 
energy: potentials that are too deep would lead to increased binding energies and, 
finally, to spontaneous pair creation (see Chaps. 12 and 13). This would make the 
nonrelativistic limit impossible. Next we find that 


sides ee 2 Denis 
(in a eAo) v= (in x eAgy + moc ¢) exp (— jc ) 


1.11 The Nonrelativistic Limit with Fields 


oO ‘ Op OA O ) 
ih— —eA oa ees eee ae 20° 
( é 0) wp (- 772 i ar y — iheAo ey + ihmoc 1 


We! 
— ihe Ao + eAgy — eAgmoc2y 


e ; 
+ ihmoc = — eAgymoc? + moc ‘o) exp (— jm” 


i 
exp (— jm”) (me = Img cAg 2mocihr 


With regard to (1.139), the small quadratic terms have been omitted in the last 
step. Inserting this into (1.122) yields 


i O ihe dA 
exp (— jam”) (ge? — 2mpeAp + 2mpoi ina — > m) 


= exp (— jrme) | (+inv + <a) + mie’ yp , 


h 
or 
mop i 1 : e ,\2 ihe OAo 
ai EE (+inv + <A) Ae aa? 
a2 = 
Pp ihe OAo 
= fey = —, — | ¢. (1. 
Iz aa P+ eA + = (v A) ee 7 ¢ (1.140) 


This is the Schrodinger equation for electromagnetic potentials. But be careful: In 
studying radiation problems we generally choose the Coulomb gauge, defined by 
div A = 0 
In this case the term proportional to 0Ao/Ot must be included. Only in the Lorentz 
gauge, for which 
10A 
eee diy A = 0 
COL 
is valid, do both of the last terms in (1.140) vanish. 
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1.12 Lagrange Density and Energy-Momentum Tensor 
for a lein—-Gordon Particle in an Electromagnetic Field 


Problem. Specify the Lagrange density for a Klein—Gordon particle in the electro- 
magnetic field A,,. Determine the canonical energy-momentum tensor. 
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Exercise 1.12. 


Solution. The Lagrange density for the coupled system of the Maxwell field and 
the Klein—Gordon field is 


ie — FF FO is | (ina, — £A,,) o* 
x (—ina" - Al) y- macy" | 
Pie Ae (1) 


The variation of J = { £d*x with respect to ~* yields the Klein—Gordon equation 
for a w field, minimally coupled to the electromagnetic field, i.e. 

él 

——=0 2 


= / t (ind,0* — <A,*) (ina — <A) ob 
= jc*usu" bats =0 


Using 60,,~* = 0,6y* and with partial integration of the first term, we obtain 
under the assumption that 6%)* vanishes at the boundaries of integration, 


/ { (—iha, a =A.) (—inav = “AM) b- micry} buy*d*x =0 . (3) 
Due to the free choice of 6y*, this yields the Klein—Gordon equation 
sont po we = mc 
(64 - <A") (Bu <Ay) b= mcry (4) 
Variation of J with respect to A, yields the Maxwell equation in an analogous way 
ieh i€ ie 
OOF wy =jv = = i Vv ZS fv oe Deeley i . 
waa le (area lo-v(a-za)el . 6) 
The canonical energy-momentum tensor is calculated according to (1) from 
OL OL OL 
Ty = = OY t+ eS O* 4+ OA, — OFLC, 6 
BO,” * Bd) * BGA A . 
giving 


1 e 
i i Oat — AP al* 
Thy = 5 (-indWW) (ina pt — SAMY ) 
1 e 
=, * = oath  _ Al = Ow _ su 
+ (iho ) (ina =A b) — AAgF — SEL (7) 
1 1 
a) oo ou 
jou Fook? — BAgk + 5 
: € . , 
x | (inom 2 “Al) b*(—ihd, b) + (GihO, 0") 
a4 fe 2 fed — fH I; = if ba 
x ( iho” — =A \¢ - 6 (ind, “Ag) 
: e 22.7% 
x (—inae ~— =A°) wt democp ¥| (8) 


1 
= gy coh = age ae (9) 
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Here (T",,)y represents the energy-momentum tensor for a Klein—Gordon particle 
with the minimal coupled electromagnetic field [last three terms of (1)], while the 
first two terms are standing for the free electromagnetic field. 


a 


1.13 Solution of the Klein—Gordon Equation 
for the Potential of an Homogeneously Charged Sphere 


We solve the Klein—Gordon equation for a sphere with radius a since we consider 
this model to be an improved approximation for a realistic pionic atom. The results 
are subsequently discussed. Inside the sphere the corresponding potential is given 
by 


2 2 
cAg(r) = -< (3 =) for r<a . (1) 


This is an oscillator potential which yields, after insertion into the radial Klein— 
Gordon equation [see Exercise 1.10, (6) and (7)], 


ie ea (z gay’ mc? 


dr2 r2 


he 2a hi 
E 3Za\Zar* (Za\’*, 
a (escees egiiceaiing | eames a — 6) es 
2(= + | Seat (Ga) rue 2) 
This may be further simplified by introducing the following abbreviations: 


E  3Za a aes Za 
= — —. Be A — ; = — 
eee oa he 2a3 


(3) 


For the total radial wave function, the following ansatz in the form of an infinite 
series is introduced: 


co 
R=r't! De bur (4) 


ne—0 
Insertion into the differential equation leads to 
Sdn: (Qn! +1 +1) (2n! + 1) eH 
_ Bid ays br +} 4+B Se eae 
n’ n! 


Se CS ber tt 0 . (5) 


Exercise 1.12. 
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Example 1.13. 


Energy eigenvalues for a 7~ 
meson in the Coulomb poten- 
tial of an extended nucleus. 
The charge distribution of the 
nucleus is assumed to be a 
Fermi distribution [see (10)] 


Ordering with respect to equal powers in r and comparing the coefficients, we find 


5, — Bho 
1 BGT ea) 
bp — — Bb = 2ACbo 
2 J Gee 
= 2 
b, = eee (6) 
2(61 + 21) 
or, generally, 
y= DACh ee Cb 
Pay aes eect ina (7) 


4n’l + (2n' + 1)2n’ 


The energy is determined by specifying that the wave functions and their first 
derivatives should be continuous at r = a. In the region r > a the wave functions 
are given by the Whittaker function W),,(@) with 9 = Gr [see Exercise 1.11, (23)]. 
Thus, and by using (4), the energy can be fixed by 


be Ant A] 1 qu’ tl 
Wy (Bay 27a’ 


AN oe, ee 8 
Wy, (Ga) ee ae a! 2 ( ) 


where 
C= Winge =k) jhoo. 
N= Zak (mct— EB)? 


1/2 
w= |(i+4)-Zoy] (9) 


1/2 


For the point nucleus there exist bound solutions (for / = 0) only up to Z = 
1/2a = 68. In contrast to this, equation (8), containing the finite extension of the 
nucleus, also yields solutions for larger values of Z (see figure below). Choosing 
the nuclear radius to be a ~ 10fm = 10~!*cm, we get a nearly parabolic growth 
with Z for the binding energy. 

At Z ~ 1500 the energy eigenvalue for a 1s pion approaches E = 0. For larger 
Z this value even becomes negative. At Z © Zoriticat ~ 3000 we find E = —m,c?. 
An extrapolation of this behaviour for still larger Z would make the state dive into 


1.11 The Nonrelativistic Limit with Fields 


55 


pr 


the lower continuum of E < —m,c?. But at this point at least the single particle 
interpretation collapses totally because the new degree of freedom of pair creation 
has to be considered (see the later discussion, together with the Dirac equation, 
Chap. 12). One also has to take into account that, for pions (being bosons), the 
Pauli principle is not valid; thus, in principle, a state may be occupied by any 
number of pions. This is only true as far as the pion—pion interaction is neglected. 


o(r) 


The interaction among the pions will, in fact, inhibit the infinite spontaneous 
m+x~ production. That this critical region, in which spontaneous pion production 
is possible, can be reached only for very large Z values may at once be estimated 
by considering the condition |V| > |Eo| > 2m,c?. Only for Z ~ 1500 does the 
depth of the potential reach the value |V| ~ 2m,c? ~ 280MeV. In the above 
figure the energies for 1s and 2p pions, calculated for the potential of a Fermi 
charge distribution, are shown. The Fermi charge distribution has the form 


N 


nucleus —(\ nT nESGAL Sas > 3 10 
Onucteus(") = 75a In slr —O/eD 
with the constant of normalization N given by 
an | Cr dee, - (11) 
0 


and is shown in the second figure. Here c is the half-density radius. The surface 
thickness t characterizes the region in which the density drops from 90% to 10% 
of its value at the origin (r = 0). This also determines the constant, 41n3. The 
potential results as a solution of the Poisson equation and is given by 


V(r) = —4rre? 17 o(r')r? dr’ +/ ocr! ar'} . (12) 
0 ie 


The value E = —m,c? is reached at Z = 3280 for the 1s state and at Z = 3425 
for the 2p state. 


Example 1.13. 


Fermi charge distribution of 
a nucleus 
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=V 


Squaro-well potential 


a a ED 


1.14 The Solution of the Klein-Gordon Equation for a Square-Well Potential 
This situation corresponds to minimal coupling for V, which is described by (see 
figure on the left) 


vane for rak 
0 oye fp Se Ike 


We set 
1 
ky = RV Et Vo)? —mic* for r<R 
and 
1 
as om e2—mec* for r>R . (1) 


With this the Klein-Gordon equation reads 


2 (22) _1a4n+er| uso . (2) 
dr dr 
The substitution 9 = kr leads to 
d d d? d? 
= ee pee 
io ae ae 


Hence, one finally arrives at Bessel’s equation 
d ast 2 
20-—— +o, -li+i)+o ju(=0 . (3) 
do do 


The solution for r < R is u(g) = Nj,(k;r). The Neumann function n,(k;r) must be 
excluded as a solution because it is irregular at 9 = 0. For V = 0, we always get 


1 
u(o) =N,,(kr) with k= ie e2 — mic4 


and where N is the normalization factor. Obviously, the solution is symmetric for 
positive and negative values of ¢. The Bessel functions can easily be calculated, 
and one gets 


sin 9 sing coso 


Ile) = — » Jie) Fata 


Furthermore, one can use the general recurrence relation 
fn—1(0) + fn41(0) = (2n + 107 "fxlo) (4) 


where f, stands for the Bessel function j,, the Neumann function n,(o) or the 
Hankel functions 
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hy (0) = jn(0) + in,(0) or Example 1.14. 
hy (0) = jn(0) ~ im, (0) 
In the outer region we set 
pe enw) 


dice =e 42 


2 
oa (5) 


With the substitution @ = ikr the differential equation (3) becomes 


d?u du _ Ul zs 1) 
2 tases = 
and the general solution of this differential equation is 
hy?(o) = jul) + im(o) (7) 


We see that h® cannot be a solution for r > R, since that function increases 
exponentially and so cannot be normalized. For an imaginary argument the Hankel 
function of the first kind is given by'4 


APGGr)=-ae , 


er 
1 1 
pee G aa) 7. 
; 1 5 3 
AS?GBr) = (F arr Bre SF a) e fr . (8) 


Higher orders can be calculated by use of the above recurrence relation (4), and 
the derivative can in general be calculated to yield 


(an + Dele) EO aioe yen 0) 


The determination of the energy value € requires the equality of the logarithmic 
derivatives of the solutions at r = R, so that 


ee for r= Rs (10) 


where the normalization constants cancel. The eigenvalues € can be derived from 


GiKiR) — h{?’GkR) (11) 
JKR) h{P GRR) 


Now consider the special case of s states for the determination of €. For this case 
one obtains after insertion of the definition of jo and He and calculation of (11) 


k,cot(i\R)=—k . (12) 


14 See M. Abramowitz, I.A. Stegun: Handbook of Mathematical Functions (Dover, New York 
1965), p. 438. 
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Example 1.14. From this transcendent equation one can iteratively determine the eigenvalue e. 
Numerical solutions of that problem are shown in the following three figures. 
In the first figure the depth of the potential is set to Vo = —Ze*/R, where 
the nuclear radius is R = roA!/? with ro = 1.2fm and the number of nucleons 
A = 2.5Z. At Z = 5150, € reaches the critical value €ip = —m,c?. There the 
bound pion level dives into the lower (negative energy) continuum. 


The energy of a 7 meson 
in the Is state as a func- 
tion of the nuclear charge Z. 100 200 =500 ©1000 2000 5000 Z 
The radius of the nucleus is 
increased according to R = 
roA'/? where A = 2.5Z is 
the number of nucleons in 
the nucleus 


In the second figure R was fixed (independent of Z). For smaller radii €¢,i is 
shifted to smaller values of Z. 


The energy of a 7 meson 
in the 1s state as a function 
of the nuclear charge Z. The 
radius was fixed at R = 3, 4, 
Sigal, Ge. 


In the final figure the radius is compressed to R = 0.25 fm. Furthermore, the 
charge symmetric solutions to the potential are plotted. These curves show reflection 
symmetry about the € = 0 axis. It is essential in this case that the curves exhibit 
“critical points” for R < 1 fm, characterized by the infinite slope of the binding 
energy as a function of Z. The first critical value is at ¢ ~ —0.8mpoc?. 

Here the solutions coming from the lower continuum into the region of bound 
states (7+ states) meet with the solutions from the upper continuum (77 states). 
This leads to the possibility of the spontaneous production of many a+ — 77 
pairs (a true pion condensate). The deeper meaning of the phenomenon will be 
more clearly understood after the discussion of the phase transition of the electron- 
positron vacuum in supercritical fields. It is remarkable that a given short-range 
potential is able to simultaneously bind 1~ as well as 1* particles. This Schiff— 
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Snyder—Weinberg effect has its physical basis in the pionic charge density o’(r), the 
definition of which includes positive as well as negative frequencies. Therefore, the 
pion is not a particle with a charge distribution of only one sign [see our discussion 
in connection with (1.129)]. 


EXERCISE 


1.15 Solution of the Klein-Gordon Equation for an Exponential Potential 


Problem. Solve the Klein—Gordon equation for an exponential potential of the 
form 


V(r) = —Zae~"/4 (1) 


with a = moc’e*/hc. In natural units (h = c = mo = 1) a is equivalent to the 
Sommerfeld fine structure constant, i.e. a ~ 1/137. a characterizes the range of 
the potential. Restrict yourself to s states (J = 0) only. 


Solution. Under the restriction to s states, and, thus, the neglection of the centrifu- 
gal term, the Klein—Gordon equation assumes a very simple form. From (6) and 
(7) in Exercise 1.10 we have 


d2 

(a + k) Me =i) (2) 
with 

a ae 3) 
With the aid of the separation ansatz 

R(r) = e'/4 w(t) (4) 
and the substitution 

=2iZa—e"/* , (3) 


he 


The energy of 7 mesons as a 
function of the nuclear charge 
Z, if the radius R of the nu- 
cleus is compressed 
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Exercise 1.15. 


we can transform the differential equation (2) into 


dw 1 ica  1/4-p?a? 
aieest = ee ee =0 6 
dt? +f 4 het x EC i (©) 
with 
DA 
p= (7) 


Equation (6) corresponds to the Whittaker differential equation'> for which the 
regular solution for r — oo (i.e. f = 0) is, thus, 


w(t) = NW) (t)=NeV? 4 iF (F+y—A,1+2u;t) , (8) 
with 

DES -— , and (9) 

w=pa . (10) 


N is the normalization constant. For the radial 1s wave function we can write, in 
summary, 


R(r) = Ne! Wy, (2iZa=e-"/*) - (11) 


To obtain the energy eigenvalues we demand that R(r) vanishes at the origin 
(r = 0). This is the only way to guarantee the normalization of the radial wave 
functions. This condition leads to the eigenvalue equation 


iF (5 heey riz) =0 | (12) 
which is an implicit equation for the determination of the energy eigenvalues € 
for s states. € can be obtained from (12) only by using numerical methods. The 
calculated energy eigenvalue ¢ of an 1s pion in an exponential potential are shown 
in the next figure as a function of the coupling strength Z. The range constant 
a of the potential is chosen to be a = 1- Az, where A, = h/m,c denotes the 
Compton wavelength of the pion. At Z,, ~ 778 the 1s state reaches the boundary 
(€ = —m,c*) of the negative energy continuum. In a second numerical calculation 
the range constant is changed to a = 0.2: A;. 

This causes a rise in the critical value to Z ~ 2158, which can be seen in the 
last figure of this exercise. Additionally, we find here, for the domain 2150 < Z < 
2158, a bound state for the antiparticle. The corresponding energy eigenvalues can 
be taken from the dashed line in the insert to the figure. The appearance of these 
bound antiparticle states is correlated with the short range of the potential and the 
fact that the radial density or is not positive definite. The radial densities are 
depicted in Fig. 1.3 following (1.131). 


SM. Abramowitz, I.A. Stegun: Handbook of Mathematical Functions (Dover, New York 
1965). 
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1.16 Solution of the Klein—Gordon Equation for a Scalar 1/r Potential 


Problem. Solve the Klein—Gordon equation for a scalar interaction of the form 
W(r) = —Za/r (1) 


which is coupled to the square of the mass. For the present let a be an arbitrary 
constant, the coupling strength is determined by Z. 


Solution. As an example of scalar coupling, we want to solve the Klein—Gordon 
equation for a long-range 1/r interaction. We introduced the Coulomb potential 
into the Klein—Gordon equation by minimal coupling (6, — p, — (e/c)A,). In 
contrast to this we now couple a scalar interaction U(r) to the square of the mass 
in the equation of motion, i.e. we perform the substitution mic* > mc* + U(r). 
A direct coupling to the mass would yield mixing terms of the form 2moc7U(r); 
however, we do not want to investigate this case in greater detail here. Thus, the 
radial Klein—Gordon equation with an arbitrary scalar interaction reads 


doe id 1) 2 meet 2G) 
= eee UE ea =e 7 
( a= a 8 (2) 


The scalar interaction is independent of the charge of the spin-0 particle considered, 
i.e. it has the same effect on particles and antiparticles respectively. However, since 


The energy eigenvalue of a 
ls pion in an exponential po- 
tential as a function of the 
coupling strength parameter 
Z. The constant a character- 
izing the range of the poten- 
taleisvae—s\ ee inemeniti= 
cal charge is Zo ~ 778. E 
is given in units of the rest- 
energy mc 


The same as in the foregoing 
figure for a = 0.2A,. The 
energy eigenvalues of bound 
antiparticles are also calcu- 
lated. Zo ~ 2158. The in- 
sert in the figure shows e for 
the domain 2150 < Z < 
2158. The dashed line char- 
acterizes the energy of the 
antiparticle state 
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there is no experimental evidence for such a long-range interaction, our calculations 
are only of academic interest. Nevertheless, it is instructive to pursue the formal 
solution of the Klein—Gordon equation for this unusual type of potential and to 
determine possible critical values of the coupling strength. So we divide (2) by 
mjc*/h*c? and substitute 


2 
, Moc 


= (3) 
r’ is a dimensionless quantity. This yields 
ee UG = 
(a a an mect a Meee ) Re ea @) 
Now we specify the interaction by 
UA(r') : Za 
Pe UA rg (5) 
and, further, by 
2 
i ae 
mec* C 
Thus, we get 
a eh 5 20 
(sa = bo + =) Rr')=0 . (7) 
Substituting again with 
=e (8) 


we now have 


@ l+l) 1. @ 
(Ga SP - 5 +2) R@=0 (9) 


with 


Za 


Cre (10) 


Now consider the asymptotics @ — oo and o@ — 0. For 9 > ©0 it follows from 
(9) that 


d 41 _ . 
ia 7) RO =0 (11) 
which yields immediately 


Rio) xe? (12) 


1.11 The Nonrelativistic Limit with Fields 63 
I eae A cas Sa 


Analogously for 9 > 0, Exercise 1.16. 
d? 1d +1) 
(aaa) R@=0 me 


with the solution 
R(o) « g'*! (14) 


that may be normalized. Thus, for the solution we choose 


RQ) =Nag Fee? , (15) 
where FQ) must still be determined. Putting (15) into the differential equation (9), 
we get 

d*F(o dF 
Q ig ) +1Q1+2)— Fe - 0+ INF (@) =0 ; (16) 


This is Kummer’s differential equation,'® with the solution 
F(o) =1Fi;0d +1-—c,214+2,0) . clay 


The confluent hypergeometric series allows normalization only if the first arguments 
equals a negative integer or zero. Hence, the condition for the determination of the 
energy eigenvalue is 


1+1—c=-—n, with (18) 

no O12 (19) 
With the definition of the principal quantum number 

A=l+l+n, , (20) 


we get from (18) 


2> 1/2 
e= {1-2} moc. (21) 


In analogy to Schrédinger’s equation for a Coulomb potential the energy eigen- 
value € does not depend on the orbital angular momentum quantum number /. 
Additionally, € is symmetric for particle and antiparticle states, as expected. The 
critical value for the coupling strength Z is easily determined; it follows that 


2 
ae, (22) 
a 
Inserting the value 1/137 for Sommerfeld’s fine structure constant, we get Z,,(1s) ~ 
274.07 and Z,,(2s) = Zer(2p) ~ 548.14, and for these values the derivative of the 
energy as a function of the coupling strength is 


164. Abramowitz, ILA. Stegun: Handbook of Mathematical Functions (Dover, New York 
1965). 
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Exercise 1.16. 


Is and 2s energies of 
the Klein-Gordon particles 
(straight lines) and antiparti- 
cles (dashed lines) in a scalar 
1/r potential 
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Z=Zey 


In summary, the complete radial wave function has the form 
R(o) = No'*! |F\(—n +1 + 1,21 +2, oe" 9? (24) 
where R(o) can be expressed by the generalized Laguerre polynomials 


ny @—t— 1)! 


aa — Q+ DL @e2 (25) 


R(o) = Ne 


The normalization factor N of the radial wave function is determined by 


| 7 or)r?dr=+1 , (26) 
0 


with the radial density 


o(r)r? = eR(r) . (27) 


The plus sign in (26) is valid for those states which with decreasing coupling 
strength enter from the upper continuum (€ > moc’) into the energy domain of the 
bound states, while the minus sign is valid for antiparticles which enter from the 
lower continuum (€ < —mpoc’) into the domain of bound states. The evaluation of 
the normalization integral yields 


= (n +1)! 3/2 
V iene= =a Ore ae aii (28) 


The above figure shows the energy eigenvalue of the 1s state and the 2s state as 
a function of Za ~ 1/137. The values for particle (straight line) and antiparticle 
(dashed line) states are given. e(Z) shows the square root behaviour due to (21). 


1.11 The Nonrelativistic Limit with Fields 


65 


EXAMPLE Se 


1.17 Basics of Pionic Atoms 


Pionic atoms consist of a nucleus and one (or more) ~ mesons which “circle” 
around it. The pions are generated in an inelastic proton scattering process (e.g.: 
p+p—p+p+z7 +77), slowed down, filtered out of the beam and are in- 
cident on the elements under investigation as slow pions. Passing near an atom, 
the pion is captured by a simultaneous emission of electrons (Auger capture). The 
probability that two or more pions are simultaneously captured is extremely low. 
Thus, in general pionic atoms have only one pion, as occurs similarly with muonic 
atoms. Since pions have spin 0, they are described by the Klein—-Gordon equation. 
The interaction of a pion with a nucleus consists of two essential parts: first the 
electromagnetic interaction, which is described by the Coulomb potential Ao(x), 
and second the strong interaction. The latter consists of a real and an imaginary 
potential. A pion interacts with the nucleons in the nucleus according to the reac- 
tions: 


(oe a =e 
nm >t+tn—op , 
a+2N—+7+2N . (1) 


For example, a m~ can completely disappear in a nucleus if it is caught in the 
conversion of a proton into a neutron. This capture process leads to an imaginary 
potential, by which it is globally simulated. Another possibility is a kind of “chain 
reaction” of the form 


xk +po-no->ar +p-n-nr +p-... . (2) 


We abbreviate this — as above — by 7+ 2N — 7 +2N. This chain reaction leads to 
an effective, real, optical potential for the pion, which is known as the Kisslinger 
potential, 


Vi! (@) = Aoo(e) — AiV + (o(@)V) 3) 

An improved form of this potential, the Ericson—Ericson potential, is given by 
ole wi ; o(a) c , 
Ve (x) = Apo(x) ~ AiV (SA TEE (4) 


where o(x) denotes the nucleon density and Ag, A; and a are constants which 
are fitted to a large number of nuclei (7 atoms). The imaginary potential is also a 
function of the nucleon density, namely, 


Vim (ax) = i (Boo’(a)— BiV+(o'(@)V)) , (5) 
where Bo and B, are again constants.!7 
'7 See, for example, Y.N. Kim: Mesonic Atoms and Nuclear Structure (North-Holland, Ams- 


terdam 1971); J.M. Eisenberg, W. Greiner: Nuclear Theory, Vol. 2: Reaction Mechanisms, 
3rd ed. (North-Holland, Amsterdam 1987). 
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Schematic spectrum of a pi- 
onic atom. The hatching in- 
dicates the broadening of the 
inner levels due to pion cap- 
ture by the nucleus. The 
3p — 2s— and 3d — 2s— 
radiative transitions are also 
shown 
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Because of these nuclear potentials, which we derive and confirm more rig- 
orously in Examples 1.22-24, there are deviations from the spectrum of a pionic 
atom, calculated on the basis of the Coulomb potential for a point nucleus in Ex- 
ercises 1.11 and 1.13. Since the Kisslinger potential is short range [its range is 
reduced to the nucleus because of the dependence on o(x)], then mainly the Is, 2s 
and 2p states are influenced, because only the wave functions of these inner states 
overlap considerably with the nucleus. Finally, the imaginary potential generates a 
broadening of these inner states, which expresses the pion capture by the nucleus. 
The figure on the left illustrates the situation qualitatively. 


Behaviour of Solutions of the Klein-Gordon Equation 

Under Lorentz Transformation 

Our acceptance of the special theory of relativity requires that relativistic wave 
equations have to be form invariant under Lorentz transformations, 1.e. 


xP = ahyx” , (6) 


with a“,a”, = 64. For further investigations of the wave function ~w it is con- 
venient to use the covariant notation (1.21) of the Kletn—Gordon equation (see 
Exercise 1.5). Since the square of the four-vector fp”, ic. p* = p”p,,, does not 
change under Lorentz transformations, one can see that the wave function is just 
multiplied by a factor of absolute value | in these transformations. In other words, 
in the case of the coordinate transformations (6), which are simply abbreviated by 


Aix 0x (7) 


the transformation law of the wave function of the Klein—Gordon equation (1.21) 
reads as 


Px) > 'e') = AP), (8) 


with |A| = 1. If the Lorentz transformation is a continuous one (rotation through 
an arbitrary angle in the four-dimensional space), i.e. if the transformation matrix 
a”,, depends continuously on variable parameters a1, @2,..., then the factor is 
equal to one, because 4 = 1 holds for the identity transformation characterized by 
C=) =. =O) 

Let us now consider space inversion, which is a discrete Lorentz transformation: 


i t 
Baas (9) 


Two-fold performance of space inversion leads to the identical transformation. 
Since the wave function should be unique, one has 


M=1 or AX=H1 . . (10) 
This means that in the case A = 1 (8) yields 

p(a',t') = p'(-2,t)=v(a,t) . (11) 
Thus, the w function is then a scalar. For ) = —1 is 


p(a',t') =y'(-2,t)=-v@,t) , (12) 
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and one is dealing with a pseudoscalar wave function. We conclude: solutions Example 1.17. 
w(x) of the Klein—Gordon equation are either scalar or pseudoscalar functions, i.e. 

functions which are both invariant under spatial rotations and proper Lorentz trans- 

formations and also which are invariant (scalars) or change sign (pseudoscalars) 

under space inversions. 

The transformation laws of the wave functions (8) are an essential characteristic 
for the properties of particles described by the Klein—Gordon equation (the same is 
true for particles which satisfy other wave equations). Wave functions which do not 
change under spatial rotations describe particles with spin 0, which is, so to say, a 
group theoretical argument!® for the fact that the Klein-Gordon equation describes 
particles with spin 0. The absence of level splitting due to spin interactions in 
ptonic atoms (no 2p, /2 — 2p3/2, 3d3/2 — 3ds/2,... splitting, but only 2p—, 3d-,... 
levels) uniquely leads to the conclusion that pions have spin zero. It has turned 
out that the K mesons (mx ~ 960m,) also have spin zero. The question whether 
pions are described by scalar or pseudoscalar wave functions has to be decided 
experimentally. 


The Pion’s Pseudoscalar Character 

To complete our knowledge of the pion inner wave function, people have searched 
for the creation of two neutrons in the capture of a slow mn meson by a deuteron 
and this reaction has, indeed, been observed. We now show that this proves the 
pseudoscalar character of the pionic wave function. The first phase of the process is 
the creation of a 7-mesic deuterium atom in the 1s state. The spins of the deuteron 
and the 7 meson are | and 0, respectively. Therefore, the total angular momentum 
of this starting state, i.e. the pionic deuteron atom in its ground state, is 1. Its parity 
is equal to the inner parity of the pion, because the inner parities of both nucleons 
(which make up the deuteron) can be assumed to be equal, and the parity of the Is 
relative wave function equals 1. In the final state two neutrons have been created 
and the pion has been absorbed. Due to Pauli’s principle a system of two neutrons 
can only be in the following antisymmetrical states (pay attention to the spin!): 


Soa bo PicP> Diu (13) 


During this reaction parity and total angular momentum are conserved. Since the 
total angular momentum in the starting state was 1, only those states shown in 
(13) which have spin 1 can appear in the final state. The only one satisfying this 
demand is 3P; with L = S = J = 1 and, because of L = 1, this state is of negative 
parity P. Consequently, the starting state of the reaction is of negative parity, too. 
This is only possible with a negative inner parity of the pion. Panofsky et al.!? 
verified this with the observation of the reaction 


x +d—2n 
Ss SSS SSS SSS et 
18 See the detailed discussion of this point in W. Greiner, B. Miller: Quantum Mechanics — 


Symmetries, 2nd ed. (Springer, Berlin, Heidelberg 1994), Chap. 1. 
19W_K.H. Panofsky, R.L. Adenot, J. Halley: Phys. Rev. 81, 565 (1951). 
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1.12 Interpretation of One-Particle Operators 
in Relativistic Quantum Mechanics 


This a rather general subject. However, in this section we want to study the possi- 
bilities of measuring eigenvalues of one-particle operators, especially for the case 
of spin-zero particles described by the Klein—Gordon equation. This point is rather 
important, because we will see that the naive one-particle interpretation encounters 
problems. We have already seen this fact in the charge distribution (1.131) of a 
pionic atom. Nevertheless, we shall try to maintain the one-particle interpretation 
as far as possible. 
Let us return to the Schrodinger form of the free Klein-Gordon equation, 


i a 
ih— = Ap 141 
ih a wy, (1.141) 
with 
an) 
(x,t) = 1.142 
SE oe ( ) 
and the Hamiltonian 
ne p 
Ay = (43 + if.) —— + mc7*, . (1.143) 
2m 


With the help of (1.141), the column vector Y(a,t) may be evaluated at any later 
time ¢, if the values W(x,0) are known at t = 0. This may be expressed by the 
transformation 


W(a,t)=S(tW(a,0) . (1.144) 


The transformation operator reads 


: mee a 2) 
aA A —jH, Vel t2 
S(?) = exp Gua) =i]+ ( - ‘) t+ ( ; ‘) MI ap nae (1.145) 


and is © unitary because of the property 


P ee. ie ae 
S¥(t) = #381 (t)¥3 = exp Gua) =f! (1.146) 


As in nonrelativistic quantum mechanics, time dependence in the relativistic case 
need not be expressed by the state vectors W(a, t) (Schrédinger picture) but can also 
be incorporated in the operators. This picture, where the operators and not the state 
vectors are time-dependent, is referred to as the Heisenberg picture. The change 
from the Schrédinger to Heisenberg picture is performed by the transformations 


Wy(x) = §-'(t)W(a, t) . (1.147) 


and 


Fat) =SOIMFOSH . (1.148) 
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For the scalar products it yields 
(U(x, t)|F (0)|W'(a, t)) = (S@)Vu(ar)|F0)|8 ()Y4(w)) 
= (Wy(a)|S*(t)F (08 1) yyw) 
= (Vy(x)|Fu(t)|Y(x)) (1.149) 


i.e. the change from the Schrédinger to the Heisenberg picture leaves the © scalar 
product invariant. In doing so we have made use of (1.146). From (1.148), it follows 
directly that for time independent Ay, 


i = ine ee gaa 
= —A;F + FA; = [F Ag] _ ; (1.150) 


in analogy to nonrelativistic quantum mechanics.”° From this relation it follows that 
the physical observables F, whose corresponding operator F commutes with A, are 
constants of motion. This means that the expectation values of these operators are 
constant in time. One of the basic postulates in nonrelativistic quantum mechanics 
states that the eigenvalues of an operator describe the measurable values of the 
corresponding classical observable (physical quantity) in a state of the system. To 
satisfy this postulate in the relativistic theory we must modify the definitions of 
some of the operators. 

We illustrate this for the well-known example of energy. The eigenvalues and 
eigenstates of the operators Hy; (1.143) are determined — in the case of free motion 
with momentum p — by the equation 


AW=EV . (1.151) 


We know from our earlier discussions [see (1.74—79 and 114)] and from Exercise 
1.9, that (1.151) has two solutions 


1 Pod \ Vip-x/h 
W\(x) = —= pea/h  \=+l , by 
=) VD & “ ! 


for the corresponding “energies” 


Eee Ncx/p? + mac? (1.153) 


E_, is negative and, therefore, we cannot interpret it as a one-particle energy, 
which must always be positive. Here we have a remember the double meaning of 
the energy eigenvalues of the Hamiltonian in nonrelativistic quantum mechanics: 
first they represent the energy of stationary states and second they characterize the 
time dependence (time evolution) of the wave functions. We have already learned 
that the eigenvalues Ey of A; also represent the time dependence of the wave 
functions in the relativistic theory [the time factors exp(t+iE,t/h) in (1.78) and 
(1.79)]: 


20 See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994), Chap. 15. 
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Wy (a, t) = exp (—iAgt /h) Yy(w) = exp (—iAE pt /h) V(x) 
=W)(a)exp(—iAE,t/h) . (1.154) 


The energy of these states is always positive and, hence, \ independent. Previously, 
we derived this result by using the canonical formalism [see (1.61)]. We can also 
see this from the following statement: The energy € of a system in a stationary 
state is identical with the mean value of the energy, Le. 


ey = / WA Px. (1ts5) 


We proved this in Exercise 1.7 by making use of the canonical formalism. Now 
with 


Ag = E\Y = XE,Y and if Wat dx=r , 
we have 
€, = XE, i Wie, Px = NE, = Ey . (1.156) 


The energy is always positive and independent of A. Thus, the problem of the 
energy is solved. To resume: The dual character of the eigenvalues of Af, i.e. as a 
characteristic factor of the time evolution and as an energy, evolves quite naturally 
in the relativistic quantum theory. We can give the correct interpretation of the 
energies of the states by making use of the canonical formalism. Hence, the energy 
operator is not H, but 73H; [see (1.155)]. 

In nonrelativistic quantum mechanics there is always a correspondence between 
a relation of operators and that of classical objects (measurable values). For exam- 
ple, Newton’s classical equation of motion corresponds to the operator equation 


with H = p’ /2m + U(a) (Ehrenfest’s theorem). Another example is given by the 
operator relation 


dz _ 1 n _ pb 
AP ne (1.157) 


which corresponds to the classical relation between the velocity and linear mo- 
mentum. Because these operator equations are of the same form as the classical 
equations, it is certain that the quantum-mechanical mean values satisfy the classi- 
cal equations of motion.) In relativistic quantum theory the situation is different. 
For instance, in the last example the expression for the “velocity operator” of a 
relativistic spin-0 particle was 

dz al p 


21 See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994), 
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while the classical relativistic velocity is given by 
dx _p_ op _ ep 
dt M Mc?” E 


where M = mo/(1 — v*/c”)!/? denotes the relativistic mass, i.e. 


(1.159) 


2 2 9) 2 
E = Mc? = Moc tio? 3 +(1-5) 
Jl—vfe2 Jl — v2/2 V c? Ge 


mv? + mec2(1 — v2/c?) 
= 16 ee 
1 — v*/c? 
Mov : 
= De) / 
=C (<n) + mc? =c p? + mec? 


is the total energy of a free particle with rest mass mp. Obviously, the rhs of (1.158) 
and (1.159) are different. Furthermore, we notice that the eigenvalues of the matrix 


. an 1 1 
tit ( | t) 


are zero! This also means that the eigenvalues of the velocity operator (1.158) are 
zero, too. Hence, we again notice that, in general within a relativistic theory, the 
eigenvalues (expectation values) of a reasonably constructed operator are not the 
same as the values of the corresponding classical quantity. Therefore, we conclude 
that not all operators of the nonrelativistic theory can be transferred to the rela- 
tivistic one-particle theory. The reason for this is the restriction to the one-particle 
concept. In relativistic quantum mechanics the consistency of the one-particle de- 
scription is limited. This may be specified more precisely: From a mathematical 
point of view the formulation of the relativistic theory within a one-particle concept 
implies the condition that the only valid operators are those which do not mix dif- 
ferent charge states. Such operators are called even operators or true one-particle 
operators. More formally, an operator [F] is called even, if 


[ICBO RRE Ge) | OM is (1.160) 


is valid. Y’) are functions with positive and negative frequencies, respectively. 
Similarly, an operator {F } is called odd if it satisfies the conditions 


ee a) Pp) (1.161) 
Therefore, the Hamiltonian of the free Klein—Gordon equation in the Schrédinger 
representation A; and the momentum operator p = —ihV are even operators. This 
means that 

Ar=(Hi) , B=([Al . (1.162) 


An operator can generally be split into an even and an odd part, e.g. 
F=[F)+{F} . (1.163) 


Therefore, one can separate from any given operator F a true one-particle operator 
[F]. 


val 
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The investigation of even and odd operators can be simplified in the Feshbach— 
Villars representation, especially if one uses momentum eigenfunctions (p repre- 
sentation). In the ® representation the wave functions of the two charge states are 
given by (1.99) and (1.100), i.e. 


io 
#°0)= F5(0) oie 5| 
70 i 
1 = Fa(1) ew F-20480) . (1.164) 


In this representation an even operator is diagonal because of the column vectors 


Gi and @ for the two charge states. Therefore, we can deduce that Hg is an even 


operator, because 
fe =F a ae ql | 1.165 
He =*:Ep=|9 _1 )& eens (1.165) 


Also, for ®(p) (1.164), the momentum operator p is diagonal, since with (1.96) 
and (1.112), we find that 


ee eee ee) 
Po = UpU ait |) =8= 001 (1.166) 


An even operator has to be a diagonal matrix in the & representation; therefore, it 
will be especially simple to separate the even part of any operator F, 


a Fir Fy 
Fg = (; ) , (1.167) 


SB Fy 0 0 jae re A 
aa ( 0 ra) 4 (rs a gel ae) 
Having completed the introduction to odd and even operators, we now apply this 


method to the & operator which caused problems in (1.158) and (1.159). In the p 
representation the Z operator is given by 


O70 eo 

z= ih, —,—,— p =iAV, , 1.168 
a ap, al P ae 

which can be calculated to be 

ihpt, 


nae |e 
LE = UVihV,U oR eee) 


(1.169) 


in the ® representation (cf. Exercise 1.18). Since 7; is nondiagonal, the true one- 
particle position operator in ® representation reads 


[6] =ihV,1 . CEO) 


Clearly, this is the canonical conjugate operator of the momentum operator since, 
due to (1.166), 
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5 R eco 

[[@o]; ,{b],]_ =ih|—,pj| = iby, (1.171) 
Opi = 

as it should according to quantum mechanics.” With the help of the true position 

operator (1.170) we can calculate the velocity operator: 


(oh m 
ar [te] = ih [iAV, 1, Ho) _ = [Vp 1, Ep] _ 


= 4; Lyp,< p? + mpe?| = ee ee a) 
= p* a mec? E, 
with eigenvalues 
Ge eG 
+=* and - = (1.173) 
P ig 


We have already stated the corresponding eigenfunctions in (1.164); therefore, we 
get 


d[a § 
[ #1 5p) Oa) = +£PaH—p) . (1.174) 
dt Ep E> 


a nn 


1.18 Calculation of the Position Operator in the & Representation 


Problem. Show that the x operator in @ representation is given by 
me ‘ ihpT i 

fe = 1hV,1 - ————- 

: Pp? + mc?) 


Solution. We know that in the Schrodinger picture the position operator in mo- 
mentum space is just the derivative with respect to p, i.e. 
£=inV, 


By substituting the Feshbach—Villars representation, all operators change according 
to (1.112); hence, 


&o —U(ihV,)U~' , where 
(moc? + E,) 1 — (moc? - E,) i 


V4moc*E, 


22 See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994). 


ey. 
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Exercise 1.18. Therefore, we get 


Aes [i + E,) 1— (moc? — Ep) fi (inv,) 


/4moc?E, 


y ee ar E,) 1+ (moc? = E,) q 


Amoc*E, 
Since 
a pe? 
Ep = /mgct+p'c? , and V ,E, = = (p-V,) p= ae 
P P 
we get 
vV,0'= La =e 0-2 ame? V E 
7 J4moc*E, aad 2(4moc7E, ) a 
1 pc? 


ee ee eee 
ace ) Ep 
ie 


1 
> Taree {( + 71)moc* + (I — AE, aa 2B? 


eT {(1 + #1)moc* — (1 — *)E,} aE 
_ pera, (moc? + Ep) 1+ (moc? — Ey) * 
2E} V4mocE, 
ed pe? 
i 2E? 


If xs acts on @ the result is 


&of =U (ihV,) 0 ae U [ihV,0 "| 6+ UO ikV,® 


pc 
=i 
i +007ihV,6 


= (ihV, —- —-——_~ ) © 
F Pp eh (mec? ae p?) ) 
as required. 


For states of positive charge (time evolution factor EF = +E,) the same re- 
lation between velocity and momentum holds as in classical relativistic mechan- 
ics, (1.159). For states of negative charge this is true only for the absolute val- 
ues. Antiparticles with momentum p move in the direction opposite to p. This 
is not unreasonable, especially if we think of the current density of the charge, 
e(d[xg/dt]) = e(c *p/Ep )?3, which must change its sign for antiparticles because 
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of their negative charges. Therefore, the operator [%g] fulfills a number of plausible 
conditions and can be accepted as a true one-particle operator. Since the position 
operator [%] and the charge operator Os = = e73 commute, there exists a set of 
simultaneous eigenfunctions &+)(p) with 


[26] 2 (p) = ihV, 6p) = ap), and (U5) 


O6>(p) = te&O)(p) 


The f+) (p), which are normalized to 6 functions, are given by 


1 1 
BO (p) = Vonh (5) exp(ip:a/fi) , 
(ane ae 
2 (Pp) = Joab 1 exp(ip - v/fi) (1.176) 


This is the ® — p representation. In order to derive the Y — p representation (i.e. 
the usual Schrédinger momentum representattion) we must apply U—! to &*)(p) 
according to (1.95), so that 


Vp) = 0-9) 
_ (moc? + E,) 1+ (moc? — E,) fy 
V/4moc7E, 
(moc? + Ep) G ” + (moc? — Ep) u oT 
a ann Bp), (1.177) 
VaO Pp 


where U~! is given by (1.97). This can immediately be calculated, yielding the 
explicit form 


> (p) 


1 moc +E, 
WH (p) = ( : 


== /Ame2E> cE, \moc? ¥ E, 


As we have already noted these are the eigenfunctions (1.176) in Schrédinger 
momentum representation. We perform the transition from p representation to x 
representation by”? 


Ha!) = / (a' |p) Vp) dp 


exp(—ip- x’ /h) (+) 3 
= | —————_ d 
/ Qrh? e (P)dP 


”) explip: 2/t) : (1.178) 


moc? + 2) exp(—ip : (a’ — x)/h) x 


/ ( J 
- Devules Ee. 
(20h)? \/4mgc? J \moc? + Ep Ep (1.179) 


23 See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994), Chap. 15. 
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A lengthy calculation, which we shall perform in Exercise 1.20, yields 
A+B 1/z7/4 +1/29/4 
Cae == 7 me 1.180 
Ww (& ) (| =) z> Ge: Ss UF adies € : ( ) 
where 
hae | 
es h/moc 


The meaning of this result is that the eigenfunctions of the true position operator 
[%] in Schrodinger position representation are not 6(a — a’), as we would have 
expected from nonrelativistic quantum mechanics, but a kind of smeared-out 6 
function. According to (1.180) the functions are smeared out over a region of the 
order 


; . h 
z~1_, implying |x2—a’|~ eS (1.181) 
mo 


i.e. the dimension of the Compton wavelength of the particle. 


EXERC]SE 


1.19 Calculation of the Current Density in the & Representation 
for Particles and Antiparticles 


Problem. Calculate the current density (1.36) in the @ representation for particles 
and antiparticles. 


Solution. By means of the Klein—Gordon field the current density reads 
; idle ae ws 
j=—3 (vVe —¥Vy") 
Y 
v= Ae aa, 
() x 


; ieh oe Tt ee 
l= se {Wt (+i) VY -(VD) AA tinyy}  , 
which can be verified by direct calculation, 


Dl 9s (Ps + ite) VY — (WW')As (fs + ite) 


=wox(T 1) -wexn(t 1) 
= (y* + x*) Vetx)-— V(y* +x") - t+) 


Be NY 


v=0'6 , w=atOt'! 
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where U is given by (1.96), and, because of 
(ON) =(h0%) =a Oa =n0% , 
wid+4)V" =6'4,0%(14+7)0 'VeO 
Furthermore, 73(73 + i72) = +7, is valid. We commute U with 73 to give 


fh = (Ep + moc”) 1+ #1 (Ep — moc’) . 


73 
/4moc7E, 
ae (ey ar moc?) 1 — (Ep — moc?) Fy 
: Jamoc2E, 
= a! ’ 
and we get 


wa+ayvy=sta+ay(O') Ve , 


because U~! commutes with 1 + 7. Since 


(O-1)° = scape ((Ep + me?) ¥— (Ep ~ moc?) A)" 
on = ((& + moc?) 1+ (E - moc?) 1—2(E> - moc’) *1) 
= sacagy (2(EF + mit) 1-2 (Bp — mB) A) 
= Saactgy (moe (U4 A) + Ep (40) ; 
and 
Mera 0 = {mdct (1+) +B? (1+ A) - f)} 


then the current density is 
—_ mae pmo (+ A) 
j=-— <(o (1+7,) VS- Ve a +7) 
2mo 


= a 2 (olay nee oman e 


For a free particle solution (1) = 1/ JV (5) expli(p - x — E,t)/h] we, thus, get 
for the current density 


<4) _ 1 epe? 
2 


and the current 


WH 


Exercise 1.19. 
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Exercise 1.19. qa le og ae 
P 


For a free antiparticle solution with momentum p, 
cS a 1/VV (?) exp[i(p - x) + E,t] the current is then given by 


1 c’p cp 
JO = [oe (7-2) =e— = J”) 
VE, E, 


Thus, we see at once that 
+ 3. abl d{zo] (+) 
of =fa nD he @5 
2 
= 3, g(t)! o£ P a+) 
= ic oe E, Ce es 


i.e. the current is equal to the expectation value of the operator 


But why are the currents for particle and antiparticle with energy E, and momentum 
p equal although the charges are different? The reason is that for antiparticles with 
momentum p the velocity operator is —c*p/Ep, i.e. velocity and momentum have 
opposite directions. The expectation value of the operator, however, has the same 
direction as p because the norm or “charge” of the wave function is included. To 
get the physical velocity we have to divide the expectation value of v by the norm 
of the state. This velocity again has opposite direction to the momentum. One says 
that the antiparticles move “backwards in time’. 


POO Us| a Se ESS eee 


1.20 Calculation of the Position Eigenfunctions 
in the Coordinate Representation 


Problem. Carry out explicitly the calculation leading from the exact expression 
(1.179) for the eigenfunctions of position 


moc? + ol explip «(a — ’)/h] dp 


il 1 
Ww \ = eee 
e(+)(x ) (rh? /ampc2 / ee +E, VED 


to the approximation (1.180). 


Solution. In the analysis of (1.179) we face, in particular, two integrals: 


h= [ JEpexplip-(@—a)/nep 


h= [= explip - (a — x’)/h] d°p 


JE 
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With Exercise 1.20. 
p:(x—2')=|p||jx—a2'|cos8=prceos3) , p=\|p| , 


and # being the angle between p and (a — x’), we can introduce polar coordinates. 
With the z axes in the direction of (a — x’), the volume element is given by 
d*p = dy d(cos 9)p? dp, and we have 


co 1 2n : 
i i i i mec an p2c2 ei/h)pr cos 9 dy d(cos 0)p? dp 
0 —1v0 
co 1 
= 25 ii I 4/m2ct + p2c2 ef/ Mr es® d cos Ip? dp 
. - efi/ pr m. e~ i/ Apr 5 
9 / d 
AME mM ae + pc? ipr [i ree 
2th ”) 
ome 4/mc* + pc? 2isin(pr/h)p dp 
A 
Bu anh 4/mec* + pc? sin(pr /h)p dp 


II 


We write 
1/4 p\e — 1/4 
(mgc* + p*c?) © = vimoc? (a Sie ts) 
0 
with 
p pr Moc 
=~—- , >= nd z= —r=kor 
dies ROK a ; kor, 


and thus obtain 


3 [o-e) 
= UCD RE) | (1 +47)" qsin(qz) dq = 161°? /moc2B 
i 0 


with 
k3 ee 2 1/4, 
B=—2 1+ sin(qz)d 
Ante / q(1+q*)° sin(qz)dq 
In an analogous way we find 
h= _ ‘a + prc?) 4 sin(pr/h)p dp 
0 
3 
- = MOO) | (1 + q’) a sin(qz) dq 
Zz 4/ mo J 
= 167 h A, 
Moc 
with 
ke iZ 5 ae 
— 1+ sin(qz)d 
Aim iqcas ish q(1+4’) (qz) dq 
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Exercise 1.20. ; Thus, 
Py = 1 1 (moc? es 
ee (Qnh)? \/4moc2 \moc*h Fh 


ee eee ir 
833 2 \1603h3(A FB) 


pie Bs 

Neate B 
The integrals A und B can be expressed by modified spherical Bessel functions 
(see Example 1.21), giving 


kod (@ 2/4 fa 
A=—%— |—-1 K. 
Anz dz & ) hon acer} 
Re dade ZVA/a 
= ——— { — -]1 K. 
Anz dz i ) Cm a2) 
Here we have used the Basset formula 


° cos(qz)dq 2’ /r 
i! (q2 Ae 1)¥+1/2 at Tv af ia he? 


These expressions for A and B can at once be verified by substitution. For large z 
the modified Bessel functions can be expanded as 


T 4y? —1 
K, = —e~% 1 arate 
(z) ioe ( aF Bz + ) 


For v = 3/4 it follows immediately that 


<r (tse e.. .) ; 


Thus we have 


Anes ke I 1 z7/4e7% 
231 pale rene 
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For vy = 1/4 we get Exercise 1.20. 
wT oan 
k y/o 
ale) > x © (1 322 +...] : 


d 1/4 md z 1 3 
esi ani ies - -1/4 _ —5/4 
a (z Kija(z)) oa 32 E (< aa +...]] 


and, therefore, 


Peas ke [x J _! ez 9/4 
21 42 V2 FB/4 \2 


with the result that 


aid. -1/4 1 sya 


3 z z 
eee |) TG/4) 
|a—a' |>>h/moc 8/2r i 2-7/4 1 39/4 
T(5/4) (3/4) 


LANE aa ea a 


1.21 Mathematical Supplement: Modified Bessel Functions 
of the Second Type, K1,(z) 


The modified Bessel functions are defined by the differential equation 


dy dy 
2 Ee pd eee 
ree (2*+v*)y=0 , (1) 


while the ordinary Bessel functions obey 
dy dy 
2 eae! 
—= a — athe 2 
zag tege + v*)y (2) 
(1) can be transformed into (2) by the substitution z — iz, that is the modified 
Bessel functions are identical to the ordinary Bessel functions with imaginary ar- 


guments. 

Let us denote the solutions of (2) by J,(z) and J_,(z), and the solutions of (1) 
by J,(z) and I_,(z). For z — 0, IL, J, are the regular, and J_,, /_, the irregular 
solutions. Then the following relation 


L@y=e"""/77,@) (3) 
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Example 1.21. holds. J,(z) and I,(z) are real functions of z, whereas J,(iz) is not. This is the 


reason for the special choice of the phase factor in (3). The second type of functions 
K, are defined by 


a 1,(z) 


Kg) = : (4) 
sin VT 


The limit v — n (n € N) exists (though will not be proved here) and is 
jis —I 
K,(z) = — lim pee) Se (neN) . (5) 
2 vn sIn YT 


A few examples are: 


2z sinz 
JiyZ) = ae 

2Z COS Z 
Jape@)= = 


2z 
J3(2) =4/— 


uy 


J5/2(Z) | ae — ; 
J_5j2(z) = 2 (3 — *) cosz + 5 sinz| ' (6) 


One may express the Bessel functions J,,41/2(z) in terms of the spherical Bessel 
functions j,(z). The relation” is given by 


jn(Z) = Jz In41/2Z) (7) 


In analogy to (7) also the following relations hold for the J,(z) and K,(z): 


/2z sinh z 
1/2) = as 3 
T re 
2z coshz 
EVE a \ ee ; 
us re 
/2z sinhz  coshz 
13 72(Z) ca ae (- 2 cr ) ) 
T z v6 
22 sinhz  coshz 
L422) = 4 — (+ ae ) 
T Zz ¥4, 
2, 3 I. 3 
Isj2(z) = 4f = (3 EE -) sinhz — a oosh | ‘ 
Tv Fi Ve Zé 


*4 See, e.g. G. Afken: Mathematical Methods for Physicists, 2nd ed. (Academic Press, New 
York 1970), p.522. For a more extensive discussion of Bessel functions, see G.N. Watson: 
Theory of Bessel Functions (Cambridge University Press, Cambridge 1966). 


sin eins __ COsz «) 
| 
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2 ce 3 1 
I_5;2{z) = 4f — -3 sinh z + é + -) coshs| ; 
Tale z gee ag 


Ks/2(z) = Vee" (1+2+5) : (8) 


EXAMPLE 


1.22 The Kisslinger Potential 


The calculation of bound states of pions in atomic nuclei or the scattering of pions 
at atomic nuclei are complicated many-body problems which cannot be solved 
without simplifications. However, we will now derive a kind of effective potential 
to describe the strong interaction between the pion and the nucleus. The Lagrangian 
of the nonrelativistic pion-nucleon interaction (i.e. the interaction between pion and 
nucleon describing the processes ~ + p> n and 7+ +n — p) is 


Lim = 90,0 +> Vbty + hic. = 9b, op) -(Vdb) the. , (1) 


where wn and wp are the neutron and the proton wave functions. The spin vector 
which is porportional to o acts on the nucleon wave function, whereas the gradient 
acts on the pion wave function ¢. This so-called Chew—Low interaction describes 
quite well the low-energy pion—nucleon experiments. The 7” meson (described 
by the wave function @) creates the transition of a proton into a neutron; the 
Hermitian conjugate term of (1) describes the transition of a neutron into a proton 
by a a* meson (described by the wave function ¢*). g is the coupling constant 
for these reactions. The operator product o + V is rotationally invariant but not 
parity invariant. The parity invariance of the whole interaction is ensured by the 
pseudoscalar $(7). 

In the following we discuss the problem of how to describe the interaction 
between one pion and many bound nucleons, starting with this free pion—nucleon 
interaction (1). The simplest approximation is to describe the interaction between 
the pion and nucleon by the free interaction between them. This is called the 
impulse approximation and is reasonable for pions interacting with only one of the 
nucleons inside the nucleus, i.e. the other nucleons just appear in kinematic factors 
(e.g. altered energy-momentum balance of the nucleon). Since the 7—N interaction 
is of short range (~ 1 fm), and the mean distance \ between the nucleons is larger 
than | fm, the impulse approximation should be applicable at least for low energies. 
To estimate the potential energy we assume that, on its way through the nucleus, 
the pion has several interactions in series, but that every interaction is only between 
the pion and one “free” nucleon. The model based on these assumptions is called 


Example 1.21. 
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the multiple scattering model.*> We shall now study the multiple scattering of pion 
and nucleus according to this model. The incoming state |in) and the the outgoing 
state |out) of the pion—nucleus system are related by the S matrix S via 


lout) = Sin). (2) 


It is convenient to introduce a matrix R = § — Il, i.e. the case for no interaction 
(jout) = |in)) is subtracted. We consider the scattering of a particle with momentum 
p — p’. Then, because of energy conservation, we have 


(p'|R\p) = 6 (Ey —E,)t(p—p') , (3a) 
where 
t (p — p’) = lim (p'|T(E, + ie)|p) (3b) 


The T matrix (transition matrix) has a complex argument z = E, + ie. To understand 
the intention behind this for the present, purely mathematical, manipulation, we 
consider the theory of Hermitian operators. 

Let Hy = p’ /2mo and H = Ay) + V. The corresponding Green’s operators or 
resolvents are defined by 


Gotz) =(z-fo) 
=i 


Gz) =(-H) , i (4a) 
provided the inverse exists. The name is easily understood since 


(z — Ap) Go(z)=1 . (4b) 


Taking the matrix elements of Ao in coordinate space, we have, since A = 
STEN omg: 


A (oe 
(a lHolb) = —o (elv) (5a) 
Equation (4a) yields 
(2| (z — Ho) Go(z)|a") = (x| |x’) (5b) 


and, after insertion of a complete set |a’’). 


[ex (x| (z — Ao) |x") (x |Go(z)|a’) = 69 (x — a’) 
or 


[eer (z = A(x) (x|a”’) (a!"|Go(z)|a") 
= (z — Ap(a)) (a|Go(z)|x") = 6a — a") 


25 KM. Watson: Phys. Rev. 89, 575 (1953). 
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Since z is a complex number, (5b) results, using (5a) (with |) = |a)), in 


(z — Ao) (x|Go(z)|x’) = 6a — a’) 


and, thus, 

(= + : (z|Go(z)|a’) = 6 (a —a') . (6a) 
In conventional notation (6a) reads 

e a | Caro (@= a) (6b) 


Thus Go is indeed a Green’s function, i.e. the solution of a differential equation 
where the inhomogeneity is a point-like source (6 function). From the definition 
(4a) we see that Go and G do not exist for all values of z: If, say, E,, is an eigenvalue 
of A, ie. (E, — H1)|n) = 0, then G does not exist for z = E, ! Obviously, the 
poles of G signal the eigenvalues of the system. Addition of an imaginary term 
to E, ie. z = E + ie defines the movement of the integration around the pole.?° 
In particular it may be shown how, thereby, perturbations (waves) propagate into 
the future, thus ensuring causality. If H has a purely discrete spectrum, E, are the 
eigenenergies and {|n)} the orthonormal basis of eigenvectors, then, because of 
1 = >o,, |n)(n|, we obtain 


G(z) = (z ra Ay = ps In) (n| = \n)(n| ' (7) 


If, in addition to the discrete spectrum, Hi also has a continuous spectrum, then a 
branch cut appears in the z plane from E = 0 to E = oo, because every E > 0 is 
an eigenvalue. The branch cut runs along the whole z axis (see above figure). The 
operator identity 


Lan Rage AA ., (8) 
where A = z — Hf and B = z — A, yields 
G(z) = Golz) + Golz)V Gz) (9) 


which relates G and Go. 


26 & discussion of this subject may be found in W. Greiner, J. Reinhardt: Quantum Electro- 
dynamics, 2nd ed. (Springer, Berlin, Heidelberg 1994), Chap. 2. 
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Illustration of a typical distri- 
bution of the eigenvalues of 
a Hamiltonian with discrete 
and continuous spectrum 
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If A and B are exchanged, the following relation can also be derived: 
G(z) = Go(z) + G@)VGoz) (10) 


Equations (9) and (10) are called the Lippmann—Schwinger equations. 
Next we define the operator 


T(2)=V+VGG@V . (11) 
Multiplication with Go from the Ihs yields 

GoT = (Go + GoVG) V (12) 
or, because of (9), 

Go@)T@)=G@V .. (13) 


Inserting this result into (11), one arrives at the Lippmann—Schwinger equation for 
T(z), namely, 


T(z) =V +VGo(z)T(z) . (14a) 


For sufficiently small values of V this equation can be solved iteratively, starting 
with the so-called Born approximation T ~ V.. Substituting this approximation into 
(14a) we obtain T ~ V +VGoV. Continuation of this procedure yields the infinite 
Born series given by 


T=V4+VG)V+VG)VGV+... . (14b) 


We should bear in mind that this series does not necessarily converge for all V ! 
However, further considerations of specific examples are based on the assumption 
of proper convergence of the Born series (14b), with which we have a method to 
handle the pion—nucleus problem: Let the Hamiltonian be of the form 


A 
A =T, + Ame +) va = Ao +V ; (15) 


a=!) 


Here 7, is the free-pion Hamiltonian and A. describes the nucleus, which we 
assume to be known. The Lippmann-Schwinger equation for 7 is now given by 
(14b), using (4) for Go(E), so that 


Go=(E-Aptie)' 5 2507). (16) 


As we have introduced 7 as a scattering operator, we can write the multiple 
scattering solution (14b) as follows 


fs a ta ere Ta As bas 

T=) i+) fC, + eG Gn ee (17) 
a a2 Oe) 2 O13 

The first term corresponds to the scattering at a single nucleon (summed over 

all nucleons), the second term describes the scattering at two nucleons, etc. The 


notation )~’ means that a. # a1, a3 # ay, etc., so that we exclude multiple 
scattering at the same nucleon. These terms are already contained in the definition 
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of the 7’ matrix for the scattering of a pion at a bound nucleon, which, according 
to (14), reads 


mmc. (18) 


a contains the total nuclear Hamiltonian through Ga and the free pion—nucleon 
amplitude 7, obeys an equivalent equation, in which Ayy. in Go is replaced by 
a free one-nucleon Hamiltonian. Thus, 7) is a complicated many-body operator, 
whereas f, is not! The elastic scattering is given by 


Ta = (O\T|O) . (19) 


Here |0) represents the ground state of the nucleus. In (19) the integration over the 
coordinates of the nucleus has to be performed. Therefore, T.; depends only on the 
coordinates of the pion. Analogously to (14), we define the optical potential of the 
pion as 


Ta = Vn + VaGoTes (20) 


for which, according to (17), 


fa= > (ala t >, (,Go!e)at--- (21) 


a OL} , OL2 


follows. Consequently, the pion wave function obeys the one-particle equation 
nV) o—H,6 =E¢ (22) 


In principle this optical potential always exists, but in general it is energy dependent 
and nonlocal, as we will see in the following. 

In order to proceed without calculation, we have to make a number of approx- 
imations, which we shall now discuss: 


(1) The Impulse Approximation. According to our previous considerations, the 
scattering inside the nucleus is the same as free scattering and, therefore, 


ae (23) 


i.e. the complicated many-particle operator for the bound nucleon will be replaced 
by the one-particle operator fy. 


(2) The Approximation of an Uncorrelated Nucleus. Nucleons are fermions. 
Thus, the wave function of the nucleus has to be antisymmetrical with respect to 
the coordinates of the nucleons. Instead, we use here products of the one particle 
wave functions which are not antisymmetrized (i.e. uncorrelated). For different 
nucleons (a; # @2) this means that the nucleon, which is excited from the ground 
state |0) to the state |n) by 7, and then propagates freely through the action of 
Go, cannot be scattered back from the state |) into the ground state by ?q,, i.e. 


(O|fa,) Go (r|fan|0) = 0 
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Only for |n) = |0) (no scattering) is this equation not valid. At the same time this 
means that, for an elastic final amplitude, all the intermediate processes must be 
elastic too, so that the double scattering term in (21) becomes 


2 (fo, Golas) g — a et Gola, el Q (24) 


an Fan a Fa 


(3) Assumption of Coherence. This assumption implies that the nucleus remains 
in the ground state the whole time during the scattering process, or, in other words, 
intermediate states of the excited nucleus do not exist; the assumption of an un- 
correlated nucleus (24) implies for a; # a2 #a3... 


(te Gola, Goin nln = is alGola, ealGola, goles el+-- si (25) 


In this sense coherence means that, though the pion scatters from nucleon 1 
at the space point 2), the probability of colliding again with the same nucleon at 
x} is still given by the ground-state wave function. However, the slowly moving 
nucleon will stay close to x;. The probability of colliding with the nucleon twice 
without exciting the nucleus is very small, because the consequence would be a 
large momentum transfer to the nucleon in the intermediate state. Nevertheless, we 
also assume that for repeated scattering at the same nucleon (a), Q@2,03..., not all 
a; are different) (25) is still valid, and 


(ie, Golo, Gota, Whe xy bo, Gat Gola, el G (26) 


According to previous statements, this assumption must be used with care, 
because one wouid actually expect that the backward scattering terms (connected 
with large momentum transfer) are negligible. With these three assumptions, (17) 
reads as 


Ta fant Se taiacoles a yy fa: elGolon elGotosel +++. - (27) 
a 


Oe} ,OL2 Ory 012,03 


(4) Assumption of a Heavy Nucleus. If the number A of nucleons is very large, 
we abandon the restrictions in the sums (27) i.e. we allow a; = a, (coherence). 
Furthermore, the number of the excited states is then very large, since the sums 
over a; can separately be performed, with the result 


= bs inet) a ss fa a) Go (S- bey a!) 
+ (So fae) Go (S> fae) Go (So faa) +. 
x (Sta) + (So faa) ofa. (28) 


Comparing the result with the definition of V, in (20), Te: = V, + VGotes, it 
follows that 


Vn =) fae = 0] Fal0) , (29) 


because the elastic amplitude of the ground-state expectation value is 7; = (0|7'|0). 
The expression (29) is called the optical potential of the lowest order, and is the 
first term of an infinite series for V,,. 
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(5) Absence of Recoil. The final approximation is to take the position of the Example 1.22. 
nucleon after scattering a pion as unchanged (no recoil), i.e. if r, r’ are the pion 
coordinates and R,, R} the coordinates of the first nucleon, we assume that 


(Qe Ry lilr, R,) 
= (r’ — Ry lAlr i ek — R) 


ae (Qn 
x " (r— Ry) hie eT ik: (r— R;) : (30) 


Here (k’|?|k) is the Fourier amplitude of the scattering of a pion at a free 
nucleon. From this we can now derive the optical potential of the lowest order, 
and, for that purpose, we integrate over R; and Rj to obtain 


(r'lt) alr) 


- i / RB Rivt (Ri) (r', Ri lfilr, Ri) vi (Ri) 


ak d?k’ etik’-r 7 
- /| omer | ly 
x aie Riviere ; (31) 


Summing over all nucleons for the calculation of 


YG ‘fwalr) = (r | Lfealr) ’ 


A 
mas / [dal Rader *) PoP Ra 


=A / o(R) eti&-k)-R BR = Ao(k—k') . (32) 


Here o(R) is the nuclear density distribution per nucleon (therefore, the factor A 
for the number of nucleons), and o(k — k’) its Fourier transform (form factor). 
Thereby, results the generally nonlocal potential according to (29), 


V(r, 0!) = (r'\Va|r) = (r'| > faalln) 


3 one é s 
ad los DR tik (he — b)(K fe” 


2r)3 (Qn 
Pk Bk! etik’ nr’ op! —ik 
Ped VaAinice | o . 28 
Conversely, in momentum representation it clearly follows that 
(k!|V|k) = Ao(k — k')(k'|é|k) (34) 


For a better understanding of this result, first consider the simplest case: Let 
the incoming pion wave function be a plane wave with the momentum ko. Then 
the total wave function within the nucleus is a wave packet, centred at ko, which 
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we call y,,(k). The form factor of the nucleus Ao(k — k’) has an extension of 

= 1/Rnucteus in momentum space, while the scattering amplitude for scattering at 
one nucleon is (k’|?|k) © 1/Roucteon- By multiplication of j,(k) with e(k — k’), 
whose width is given by 1/Roucteus < 1/Raucleon, only the momenta k ~ k’ ~ ko 
contribute to the scattering amplitude, because the pion wave function y;,(k) is 
centred at k ~ ko. Therefore, in (34) we can put 


(k'|Vr|k) = A(ko|?|Ko)o(k — k') (35a) 
According to (33), in coordinate space the Fourier-transformed expression follows 
as 

Gk Ok hare 
A(k ? ko) etik rT —iker k—k’ 
(kolé|ko ) | lo (Qn) One® e of ) 


died kc eee mn 
sito s) Wea (2m) (2m oe a) ek ED 


= Alkol?ik +ik’ -(r—r’) PK -iK-r (K) 
= Atktite) | Bape fame" e 
= A(kolélko)5(r — ror) (35b) 


The nonlocal potential acts on the pion wave function w,(r’) in coordinate space 
so that, e.g. the stationary Schrodinger equation for nonrelativistic pions reads 


: 
eS ees / Cr'V (rT rr) =Eps(r) , (36a) 
2m 


or the Klein—Gordon equation, 


2 92 
(am — WV? + mic?) Wr, t) + mo / d'r'V,. (nr UG") t) = Onan oGb) 
Clearly, the simple approximation (35a) has the effect that the generally non- 
local potential of the pion—nucleus interaction is approximated by a local one. 
The 6 function in (35b) naturally ensures this. Furthermore, the 6(r — r’) function 
disappears by integrating over r’, which has to be done in (36a,b). The result is a 
“common” Schrédinger or Klein—Gordon equation, with a local potential that reads 


V(r) =A(kolé|Ko)o(r) . (37) 


The resulting potential is local, and proportional to the so-called pion—nucleon 
forward scattering amplitude 


a = (ko|#|ko) . (38a) 
However, the potential V,(r) = Aapo(r) gives an insufficient description of the 
pion—nucleus scattering experiments and it is a small step to assume, analogously 
to (38a),2’ that 

(k'|?|k) =agt+a(k’+k) . (38b) 


*71_S. Kisslinger: Phys. Rev. 98, 761 (1955). 
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This is the next best generalization to (38a), keeping rotational invariance. Insertion Example 1.22. 
into (34) results (after Fourier transformation into coordinate space, see Exercise 
1,23) in 


Va = Aanoy —AaV -(0Vp) , (39) 


which represents the so-called Kisslinger potential. It is obviously nonlocal be- 
cause it contains momentum operators which are proportional to V. In view of 
a term proportional to Vg one may deduce a strong surface sensitivity in pion— 
nucleon scattering, since the gradient of the nuclear density contributes mainly at 
the surface of the nucleus. By means of the Kisslinger potential most of the data 
of pion—nucleus scattering are quite well described, although further evaluation is 
still plagued with certain difficulties (divergencies in the wave functions). 


EXERCISE 


1.23 Evaluation of the Kisslinger Potential in Coordinate Space 


Problem. Evaluate the Kisslinger potential in coordinate space, starting with 
(k'|V.|k) = Ag(k —k')(k'|é|k) 

together with (see Example 1.22) 
(k'|?|k) = ao + ay(k’ - k) 


Solution. In coordinate space one has 


Vu, =A | (ap + ayk! + k)o(Za)n(z')ei® *F-22) 
a ry BK dk! 
—ik-(z°—Za) 3 ar = 
Pn (2n)3 Qn) a 


where Z, denote the space vectors of a single nucleon [see (31) and (32) of Ex- 
ample 1.22]. Evaluating the first term ao leads to (37) of the previous example. 
Considering the second term we reexpress the momenta k, k’ by k = iV’, and 
k’ = —iV,, where the gradients act on z and z’, respectively: 


Vi W_ = Aay i za)bn(zV 08 (E-*) 


d°z’ Pz 


(27) (277)? 
Since there is no integration over z, we can take V, out of the integrand and 
substitute V,- = —V,,, 

Vie = AarVe + f aleadbe(e'ye¥ Ome 


Dine! eee Pk’ 3 "Bz, 
(27)? (27) 


x (-V,z,)e 
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Vie = Aci Ve ff eea)ale!X-1)6(2 ~ #0) (—Vea) 
d?k 


. r] 
x e ik —Za) d?z' d?z, 


(27) 


apa 7o? d?k 
ike (2) = g) 
= Aa V, a i 0(z)pn(z’(+V,)e ee ” One d z" 


‘Ratt ay Cees 
= AaV, - (ae) / Vn(z'(+V,)e* one d?z ) 


Next, performing the integration over k, one obtains 


Vin = Aa V, : (o2) | veten+V.06¢2 == é2') 


and, after partial integration, 


V' tq = aAV,° (arf + jh Wn(z')6(z — z') dz! 


surface 
- i (Vibx(z')) 5(z — 2’) 2'\) 
The surface term vanishes if the surface tends to infinity, and we are left with 
V ve = —a;AV M (oVvx) ’ 
i.e. altogether 


Vib = Aago(r x(r) — Aa V - (o(r)V br (r)) 


LSA) a a 


1.24 Lorentz—Lorenz Effect in Electrodynamics and Its Analogy 
in Pion—Nucleon Scattering (the Ericson—Ericson Correction) 


In order to understand our motivation and the physical nature here, let us first 
recall the electrodynamical Lorentz—Lorenz effect. For this reason we consider the 
propagation of light in a dielectric medium. The electric polarization P is related 
to the electric field E via E = aP, a being the polarizibility. Accordingly, the 
D field is given by D = E+4nP = (1+ 47/a)E. Considering the propagation 
along the z axis only, the fields #, D and H are proportional to exp[i(qz — wf)]. 
The fields E and D have only the components E, and D,, i.e. the magnetic field 
consists only of the component H,. Maxwell’s equations 


—-—=VxH_ and (1) 
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Wx f= ees 
eof 
imply 
“i=D, = —igh, , 
: Ww 
iqcx = Fok , (2) 


and elimination of the component H, produces 


Di. =e =k, (3) 


Using the relation D, = (1 + 42/a)E, one thus obtains the refractive index as 


Pena eee 4 
v2 7 a @) 
Also the phase velocity in a medium v = w/q is obtained from (3). In order to 
determine a@ we must have a closer look at the details of the scattering process. 
We choose electrons as the centres of the scattering process, assuming that they 
are harmonically bound by means of a restoring force f. The classical equation of 
motion of an electron moving in the z direction thus reads 
dé 
Lam =) Cis (5) 


where € denotes the elongation of the electron from its equilibrium position. The 
frequency of this harmonic oscillator is then given by wz = f /mo, and the electric 
dipole moment per electron, p, = e€, leads to a moment per unit volume of 


P, =eg& ’ : (6) 


where o stands for the electric charge density of the electron. Under the influence 
of the external oscillating field EF = aP, the electron performs forced oscillations, 
i.e. the total force acting on the electron is not given by the external field # alone, 
but by the resulting local field*® E + (471/3)P. This local field is the origin of the 
Lorentz—Lorenz correction! 

To make this more evident let us assume that the oscillating electron be 
surrounded by a small sphere (see figure on the right). The surface cuts some 
polarization vectors, which causes a charge per surface element do. The sur- 
face charge can be written as 9, = P - do, since V - D = 0 is valid if 
real external charges are absent. One can conclude, in accord with GauB’s law, 
that the surface charges on the inner and outer side of the sphere are equal, 
i.e. (E + dS)inside = [GE + 40P) + dS outside. Averaging over all directions 
Pcos?@ = P/3 leads to (E,)inside = (Ex)outside + (477/3)P, in the x direction. 
Accordingly, the equation of motion of the electron becomes 


my dE /dt? = e(E, + (4n/3)Px FE, 


28 See J.D. Jackson: Classical Electrodynamics, 2nd ed. (Wiley, New York 1975). 
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Nucleon surrounded by a 
sphere free of nuclear matter 


which can be written in a more convenient form using the relation P; = ee€ [see 


(6)]: 


mo @P, 4n ve 


ee ee (7) 
oe dt? oe 3 , pe? 


The requirement that the electrons should oscillate harmonically, i.e. 
P,+u°P,=0 , 


leads to the condition 


a= (5 - mp - 2) (mee) (8) 


For the harmonic case the frequency is given by w2 = f/mo. Considering n? = 
1+ 47/a we, further, obtain 


4 oe /mo 
(wa — w?) — (41/3) 0€?/mo 


In the above derivation the radiative damping, which leads to a complex refractive 

index, has been neglected. If polarization corrections [2nd terms in the denominator 

of (9)] are ignored, the refractive index diverges when the frequency of the external 

field reaches the resonance frequency (resonance catastrophe), i.e. n? — oo for 

w — Wr. Thus the Lorentz—Lorenz correction prevents this catastrophe for w = wp. 
Relation (9) is of the form used in optics, 


n—1= 


(9) 


n> —1=——+f(k,w) ; (10) 


where f(k,w) represents the forward-scattering amplitude of particles with mo- 
mentum k and frequency w propagating in a medium which is characterized by 
a density of scattering centers 9g. The momentum of the incoming particle (light) 
is denoted by ko. This formulation suggests, in analogy to light scattering inside 
a medium with density o, the consideration of the scattering of a pion (initial 
momentum ko) at a nucleus with density @ by means of optical methods. 

In analogy to the Lorentz—Lorenz correction —4ge”/3mé in (9), let us now 
derive the higher-order correction in @ of the “optical” potential of a pion.2? For 
this purpose we assume that a nucleon — as a scatterer — pushes off all other 
nucleons in its vicinity, with the effect that, in a sphere with radius R enclosing 
the particular nucleon, there is no other nuclear matter in it (see figure on the left). 
In what follows we have to show, as in the electrostatic case, that the result is 
independent of R. Therefore, we first rewrite the Klein—Gordon equation for the 
pion containing the Kisslinger potential (0/Ot — iw), 


°G.E. Brown, W. Weise: Phys. Rep. 22, 279 (1975). 
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(w? —m2+V?—-aiV-0V)¢r=0 (a>0) , (11) 


where a, = Aa, according to (39) of example (1.22). The first, less important 
term of the Kisslinger potential (39) has been neglected altogether. This can be 
expressed as 


V+(1-G10)V bq = — (wm?) by. (12) 


The field ¢, must be continuous on each boundary. Thus, we can conclude that 
the rhs of (12) must be continuous at a boundary. In analogy to the continuity of 
D in the electromagnetic case, the normal component of 


(1 —@0)V ox (13) 


must also be continuous. To make this explicit we enclose each boundary by a 
(cylindrical) volume, as in the figure on the right. In the limiting case of the 
vanishing height of the cylinder, i.e. Ah — 0, 


[veo —a@0)V¢, dT = (1 - 110) | Von-dF 0 : (14) 


Since the rhs of (12) is continuous at the boundary, the expression (1 —@,0)V¢, - 
dF has to be equal on both sides of the boundary. There exists a direct analogy 
between 


(l-—a@,0)V¢, —- D and 
Vo, ~E . (15) 


In order to pursue this further, we discuss the Chew—Low model, which is 
based on the Lagrangian [see Example 1.22, (1)] 


Lin = Gpo-Vvbn . (16) 
For the pion it leads to the equation of motion 
FY) 
(-gatV—m extn t)=gV-o(r) (17) 


where 
Coeur). (h=e= 1) 


Accordingly, the pion field couples to the spin density o(r), and the ¢, field should 
be stationary, i.e. 


ox(r,th=o(r)je i (18) 


We further assume that w ~ m,, i.e. we study the case where nuclear effects may 
represent only a small correction to the binding. This is realized in pionic atoms, 
thus, 


Salt jt) = (img) bart) = —ma bn (r, t) 
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dF Ah 


dF 


Illustration of the cylinder 
with faces dF and height 
Ah surrounding the bound- 
ary. The different media at 
both sides are indicated by 
(1) and (2) respectively 
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Inserted into (17) this leads to the Laplace equation 
Ad- = 9V:e@, (17a) 


As known from electrostatics,*° the Laplace equation (17a) can be solved by 
means of the Green function with the result 


g 1 Ny 43,0 
2 (2 ee |e ve d ; 19 
on(r) 2 ff ear o(r dr (19) 
V,. is the gradient acting on r’. This shows explicitly that (g/47)V - o(r’) plays 


the role of a charge density as in the electrostatic case. Analogously to the electric 
field EB, (14) yields 


(Vox — a, OV ba exterior dF = CV Oz )imterior -dF ’ (20) 
which implies a surface charge 
Os = ~G OC Vor exterior - (21) 


Vox. represents the component of V¢, perpendicular to the boundary and gives 
rise to a contribution to V¢,(r € surface), which we denote by (V@_)iocal, 


JES 
6(V dx )iocal = (Von = Verne) = — 341 0(V br exterior ’ (22) 


where the averaging ( ) over all angles, i.e. over the small sphere around the 
nucleon, has already been carried out. This term corresponds to the (47 /3)P term 
in electrostatics. Equation (22) is correct to the lowest order in @; 0. However, note 
that if (V@zxz)iocaa has to be corrected by the term (22), then the same has to be 
done for the Kisslinger term ~@;0V¢,, i.e. we must write 


1 
6(V bx )tocal = gal OV bx local : (23) 


The influence of the nucleon on the optical potential of the pion happens locally 
at the nucleon. From (23), 


pe 
(V dx )local = (Voz) a ZV Pr Niocal (24) 
and thus 
(Vox) 
Vora = ————_ 
( wy) )tocal 1+a10/3 (25) 
Here we have renamed (Vz )exterior = Woz, because this is just the pion 


field inside a medium. Furthermore the corrections of the correction, etc. have 
been summed up in terms of a geometrical series. The expression (25) repre- 
sents the Ericson—Ericson correction*! to the gradient of the pion field. Replacing 
(V dx )kissiinger by (WG )toca) in the Kisslinger potential leads to 


See J.D. Jackson: Classical Electrodynamics, 2nd ed. (Wiley, New York 1975) or 


W. Greiner: Theoretische Physik III, Klassische Elektrodynamik (Harri Deutsch, Frankfurt 
1989), Chap. 1. 
31M. Ericson, T.E.O. Ericson: Ann. of Physics 36, 323 (1966). 
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yX-E. Bia ( we a1Q Example 1,24. 
Onl, t) ag WE ah ens br (r,t) (26) 


as the new optical potential for pions inside a nucleus; and thereby, @} = Aay is 
proporticnal to a}. A more detailed analysis shows that the potential (26) is valid 
only in the limiting case k — 0, because in the above derivation we restricted w 
of w ~ m,. The dependence of w and k on apo is quite complicated, and for this 
reason @ is fitted to experimental data. Until now no unique fit has been found,” 
because the corresponding experimental effects represent very small corrections. 


1.13 Biographical Notes 


KLEIN, Oskar Benjamin, Swedish physicist, * 15.9.1894, | 1984. Professor for Theo- 
retical Physics at the University Stockholm from 1931 to 1962. Important achievements 
apart from the formulation of the Klein—Gordon equation: Klein’s paradox (see Chap. 13), 
Klein—Nishina formula, Kaluza—Klein theory. In 1960 he was awarded with the Max-Planck 
Medaille of the Deutsche Physikalische Gesellschaft (German Physical Society). 


GORDON, Walter, *3.8.1893 in Apolda (Thiiringen, Germany), ¢ 24.12.1939 in Stock- 
holm, formulated in 1926 independently from O. Klein a relativistic wave equation for free 
particle without spin (Klein—-Gordon equation) and derived in 1928 simultaneously with 
C. G. Darwin the fine structure of the hydrogen spectrum from Dirac’s wave equation [BR]. 


LAGRANGE, Joseph Louis, * 25.01.1736 in Torino, + 10.04.1813 in Paris. L. originated 
from a French-Italian family, and in 1755 became professor in Torino. In the year 1766 he 
went to Berlin as the director of the mathematical-physics department. In 1786, after the 
death of Frederick II, he went to Paris, where he gave considerable support to the reform of 
the measuring system, and where he was professor at several universities. His very exten- 
sive work contains a new foundation of variational calculus (1760) and its application on 
dynamics, contributions to the three-body problem (1772), the application of the theory of 
chain fractions on the solution of equations (1767), number-theoretical problems, and an un- 
successful reduction of infinitesimal calculus on algebra. With his “Mécanique Analytique” 
(1788), L. became the initiator of analytic mechanics. Important for function theory is his 
“Théorie des Fonctions Analytiques, Contenant les Principes du Calcul Différentiel” (1789), 
and for algebra his “‘Traité de la Résolution des Equations Numériques de tous Degrés” 
Gees): 


SCHRODINGER, Erwin, * 08.12.1887 in Vienna, {01.04.1961 ibidem, professor in 
Zurich, Berlin, Oxford, Graz, Dublin and Vienna; worked in theoretical physics, especially 
on quantum theory. Based on L. de Broglie’s idea of matter waves. S. developed the wave 
mechanics in 1926, established the wave equation named after him and proved the equiva- 
lence between the latter and the matrix mechanics of Heisenberg. With these principles S. 
created a homogenous base of quantum and atomic theory. In fact, S. found first the rela- 
tivistic wave equation known today as Klein—Gordon equation, but he dismissed it. Later S. 
worked on problems of relativistic quantum theory, gravitation theory and on a new field 
theory. He also was concerned with philosophical questions. In 1933 he received the Nobel 
Prize in physics, together with P. A. M. Dirac. 


32 Friedman, A. Gal, V.B. Mandelzweig: Phys. Rev. Lett. 41, 794 (1978). 


98 


1. Relativistic Wave Equation for Spin-0 Particles 


ee 


FESHBACH, Herman, * 02.02.1917 in New York, from 1955 university professor at the 
Massachusetts Institute of Technology (MIT) in Boston, from 1973 head of the MIT physics 
department. He is one of the most distinguished theoretical nuclear scientists of his times. 
Among other things he is distinguished by his works in the field of nuclear reactions. 


VILLARS, Felix Marc, * 06.01.1921 in Biel (Switzerland), student of W. Pauli, university 
professor at the Massachusetts Institute of Technology (MIT) in Boston. Among others he 
is distinguished by his work on the microscopic structure of collective motions in nuclei. 
The Pauli—Villars regularization procedure is discussed in W. Greiner, J. Reinhardt: Quantum 
Electrodynamics (Springer, Berlin, Heidelberg 1994), 


SCHIFF, Leonard Isaac, * 29.03.1915 in Fall River (MA), f 19.01.1971 in Stanford. From 
1941 at the University of Pennsylvania, becoming associate professor in 1944. In 1947 he 
moved to the Physics Department, Stanford (where he was Head of Physics from 1948 
to 1966). Main fields: scattering theory, general relativity. A main part of his academic 
work was the education of young students. His excellent book on quantum mechanics made 
him world famous. In 1966 he received the Oerstedt-medal of the American Association of 
Physics Teachers. 


WEINBERG, Steven, * 03.05.1933 in New York, today at the University of Texas, before 
this at Havard University. W. worked on cosmology and together with S.L.Glashow and 
A. Salam propounded the unified theory of weak and electromagnetic interaction (“‘standard 
model’’), which, after this theory, only appear as different forms of one single force. For 
this they were awarded the Nobel Prize in physics in 1979. 


HEISENBERG, Werner Karl, * 05.12.1901 in Wtirzburg, + 01.02.1976 in Miinchen, from 
1927 to 1941 professor at Leipzig University, from 1941-45 director of the Kaiser-Wilhelm 
Institut ftir Physik in Berlin, 1946-57 director of the newly founded Max-Planck-Institut fiir 
Physik in Géttingen and 1958-70 in Miinchen. H. demanded in 1925, that only “principally 
measurable quantities” should be used to describe atomic phenomena (positivistic princi- 
ple). With his “multiplication rules for quadratic schemes” he initiated the new “G6ttinger 
Matrix Mechanics”, which was further established in 1925 by M. Born, P. Jordan and H. 
In collaboration with Niels Bohr he succeeded in explaining the physical and philosophical 
background of the new formalism. Heisenberg’s uncertainty relation (1927) became the basis 
of the “Kopenhagen interpretation” of quantum theory. After the discovery of the neutron 
by J. Chadwick in 1932 Heisenberg recognized that this particle is, in addition to the pro- 
ton, an element of the nucleus, and he developed a theory of nuclear structure (concept of 
iso-spin). From 1953 Heisenberg worked on a unified theory of matter (“world formula”), 
which should be able to describe all elementary particles occuring in nature and all natural 
laws. In 1932 he received the Nobel Prize in physics and 1957 the peace class of the order 
“Pour le merite” [BR]. 


2. A Wave Equation for Spin-} Particles: 
The Dirac Equation 


We follow the historical approach of Dirac who, in 1928, searched for a relativistic 
covariant wave equation of the Schrédinger form 

mou) i. 

ih aS Hy Qs) 
with positive definite probability density. At that time there were doubts concern- 
ing the Klein—Gordon equation, which did not yield such probability density [see 
(1.29)]. The charge density interpretation was not known at that time and would 
have made little physical sense, because ++ and 1~ mesons as charged spin-0 
particles had not yet been discovered. 

Since an equation in the form (2.1) is linear in the time derivative, it is natural to 
try to construct a Hamiltonian that is also linear in the spatial derivatives (equality 
of spatial and temporal coordinates). Hence, the desired equation (2.1) has to be 
of the form 


: nef. ~O 0 0 x A 
ine = |e (a 1a + hong + aa sor) + Amoe?| = Bb ; 2) 


The — yet unknown — coefficients G; cannot be simple numbers, otherwise (2.2) 
would not be form invariant with respect to simple spatial rotations. We suspect 
that the 4; are matrices and indicate this by the operator sign A. Then w cannot 
be a simple scalar, but has to be a column vector 


V1 (x, t) 
fi. ae t) . (2.3) 
wn(x, t) 
from which a positive definite density of the form 
V1 
* * * be _ * 
o(x) = vv) =U, eH]. | = do dive) (2.4) 
: i=l 
Wn 


can be constructed immediately. We still have to show that o(x) is the temporal 
component of a four-vector (current) for which a continuity equation must exist 
so that the spatial integral f gd°x becomes constant in time. Only then is the 
probability interpretation of ox ensured. It is clear that the wave function ~ inne) 
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is a column vector analogous to the spin wave functions of the Pauli equation.! 
Hence, we shall call them spinors, specifying this name later. The dimension N of 
the spinor is not yet known, but we will be able to decide this soon. The coefficients 
G; and B must obviously be quadratic N x N (2.2). Thus the Schrédinger-like 
equation (2.1) and (2.3) represents a system of N coupled first-order differential 
equations of the spinor components w;, i = 1,2,...,N. We also indicate this point 
in the notation and write (2.2) in the form 


Oe he << ( La. eee 1 2 
ip ce (ag bogs bags) Ue time 2 Part 


N 
= Ader - (2.5) 


Equation (2.2) is a short form of (2.5), in which the four N x N matrices (@;),7 
@ = 1,2,3)and Bor are expressed in the usual abbreviated form for matrices by 
a; @ =:1, 2, 3am B respectively. To continue, we demand the following natural 
properties: 


(a) the correct energy-momentum relation for a relativistic free particle 
E? = p’c? + mic* ; (2.6) 


(b) the continuity equation for the density (2.4), and 
(c) the Lorentz covariance (i.e. Lorentz form-invariance) for (2.2) and (2.5), re- 
spectively. 


To fulfill requirement (a), every single component ~, of the spinor w has to 
2 


satisfy the Klein—Gordon equation,” i.e. 
Ory 
= oa = (—Rc2V7? + mc*) Ue . (2.7) 


On the other hand, from (2.2) it follows by iteration that 


' See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Heidel- 
berg 1994), Chaps. 12, 13. 

? Notice that the analogy to classical electrodynamics, where the six electromagnetic fields 
Ex, Ey, E,, Hy, Hy, H, satisfy the first-order differential equations (Maxwell equations) 


OE 
Va: ; (vx B)=—28 5 Ww) 4 Wols} = ft 


in a vacuum. Each single component £; and H; satifies simultaneously the differential 
equation of the second order (wave equation) 


2 TB ci = 2 dueoe 
(35: Jie = (0) and Vea lah =) 


For further discussion of this analogy see Exercise 2.1. 
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aie 


Ye B+ Base + Bmgcry 


Comparison with (2.7) shows the following requirements for the matrices G;, /: 
G;,; + GG; = 26,1, 
&iB+ Bd; =0 , 
=f? =1. ' (2.8) 


These anticommutation relations define an algebra for the 7 matrices. In order to 
establish hermiticity of the Hamiltonian Hy in (2.2), the matrices 4;, @ also have 
to be Hermitian; thus, 


a eee! =o (2.9) 


Therefore, the eigenvalues of the matrices are real. Since, according to (2.8), one 
has a? == jl fiival 3 = |, it follows that the eigenvalues can only have the values 
+1. Because the eigenvalues are independent of the special representation,* this can 
best be shown in the diagonal representation of the single matrices. For example, 
&; in its eigenrepresentation has the form 


A, O OO: QO 
0 Ar O :+- O 
@&=| 0 0 A -- O 
a OO eae Ain 
with the eigenvalues A;,...,Ay, and (2.8) now yields 
L009. Ag Osha 
i ie) i oe QO AZ «ee: 
AY 
from which 
Aoeiee,, i.c, Ages 1 |; (2.10) 


3 This follows, because Aya = awa implies that 
UAU 0a =aU a ,; 
and, therefore, 
A' (Oba) = a( Oya) 


The solutions of the rotated matrix A’ = DAU are just the rotated vectors Wj, = 
Uwa with the same eigenvalues a. 


102 


2. A Wave Equation for Spin-4 Particles: The Dirac Equation 


Furthermore, from the anticommutation relations (2.8) it follows that the trace (i.e. 
the sum of the diagonal elements of the matrix) of each &; and of (@ has to be zero. 
Namely, according to (2.8) one has 


a; = —B4;8 
Because of the identity 
trAB=—-tBA , 
one concludes that 
tra; = 64; = Ga,8 =-trd; > tra; =0 . (2.11) 


The trace of a matrix is always equal to the sum of its eigenvalues, which can be 
seen if U transforms the matrix 4; into its diagonal form, 


Ag ON ee aese 
ON Aja Bote 
; = 04,0- 
L An 
Then 
Ay 0 ea: 
0 Ag verre N 7 ey 
tr =) A=tlee —ta,0 ee, 
: k=! 
An 


which proves the above statement. Because the eigenvalues of @; and B are equal to 
+1, each matrix a; and # has to possess as many positive as negative eigenvalues, 
and therefore has to be of even dimension. The smallest even dimension, N = 2, 
cannot be right, because only three anticommuting matrices exist, namely the three 
Pauli matrices* 6;. Therefore, the smallest dimension for which the requirements 
(2.8) can be fulfilled is N = 4. We now study this case in more detail and indicate 
immediately one possible explicit representation of the Dirac matrices, i.e. 


0G, , (1 0 


where 6; are Pauli’s 2 x 2 matrices and Il is the 2 x 2 unit matrix. With the explicit 
form of the Pauli matrices of (1.65), we have, in detail, 


OF 0 Ort co 0 0 

PO ROR . G0. nO 

1~|o 1 0 0} * @~ ioe seme > 
1000 ; 0 0 0 
0 0 i 6° "Cueto 

Pe at 10 fees 

“Sl; 0 6 o| “= = Lome (2.13) 
(= 10 OO. oO; St 


* See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Heidel- 
berg 1994), Chaps. 12, 13 and especially Exercise 13.1. 
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Indeed, we can easily check the validity of the relations (2.8). For example, 


2 ey ewe Waa, 400 3; 
aay + aya = (3 OG eae ie 0 
_ (4% 0), (45 0 

0 6:6; 6,8; 


holds. Here we have used the relation for the Pauli matrices? 
G;6; +6;6, = 26,1 . (2.14) 


We also notice that (2.12) describes just one possible choice of the Dirac matrices 
;, 3. Each set 6! = 04,;0-', 6’ = 060 -', which is obtained from the original 
&;, B of (2.13) by a unitary transformation U , can be used equally as well as the one 
introduced here [see (2.21)]. In Example 3.1 it will be shown that all representations 
of the Dirac algebra are unitarily equivalent to each other. Therefore, physical 
results do not depend on the special choice of the Dirac matrices 4; and (3, but the 
calculations can become particularly simple in a certain representation. 

Next we want to construct the four-current density and the equation of con- 
tinuity. For that we multiply (2.2) from the left by yt = (7,2, 3, %z) and 
obtain 

oe : 

ity! ab = — > Pron aay + moorwlay (2.15a) 


Furthermore, we form the Hermitian conjugate of (2.12), 1.e. 


3 ayt : 
EE SE at + moctyiat 


eae i oe Ox* 


and multiply this equation from the right by 7, taking into consideration the her- 


micity of the Dirac matrices (a! = Bt = B), to give 


: oyt he 2 Oyt Bx 2.ntA 
ath = ae a 2.15b 
ih aban ; , | nail ( ) 


Then, subtraction of (2.15b) from (2.15a) yields 
a eb 
ih— (wt) = — V° — (Wl ayy). 2.16 
ing (pw) i 2 Auk Cp! dxf) (2.16) 
or 


5 This relation is covered in detail in W. Greiner: Quantum Mechanics — An Introduction, 
3rd ed. (Springer, Berlin, Heidelberg 1994). 
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Oo ee j 
ae = (2.17) 
1 +divj , 
where 
4 
o=pip= > viv: (2.18a) 


i=] 
is the positive definite density (2.4) and 
jk=cplay or j=cplay (2.18b) 


is the current density. Here we have symbolically introduced the three-vector 


& = {a', ’, &} = {-d1, —o, —43} (2.19) 
and introduced the upper and lower indices according to our former convention 
[see (1.5) and (1.6)]. From (2.17) the conservation law follows immediately in the 
usual way 


5 [ exuly=- faivga'x =— [5-47 =0 (2.20) 
Vv V F 


where V denotes a certain volume and F its surface. Since @ is positive definite 
and because of the conservation law (2.17) we can accept the interpretation of @ as 
a probability density [in contrast to the density @ obtained for the Klein—Gordon 
equation, see (1.29) which was not positive definite]. Accordingly, we call 7 the 
probability current density. Here we have presumed that 7 is a vector, i.e. that 
its components (2.18b) transform under spatial rotations as the components of a 
three-vector. This still has to be shown. Furthermore, {cg, 7} should form a four- 
vector. Hence, it should transform from one inertial system into another one by 
a Lorentz transformation. This point and, in addition, the form invariance of the 
Dirac equation (2.2) with respect to Lorentz transformations (we also call the form 
invariance covariance) have still to be shown, before we can regard the Dirac 
equation as an acceptable relativistic wave equation. 

We also notice that we have achieved a special representation with (2.12). The 
choice of the matrices (2.12) is not unequivocal. One recognizes immediately that 
each unitary transformation § yields the matrices 


&=S$48-' , pf =8ps (2.21) 
which also satisfy the algebra (2.8). We check this for the first commutator (2.8), 
as an example: 

Sa:S—'S4,8—' + $a,8-'Sa,$—) = 26,8 15 ~! 

207 (q.e.d.) 
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ag AE ET I TT: 


2.1 Representation of the Maxwell Equations in the Form 
of the Dirac Equation 


Problem. Write the Maxwell equations 


10H 1OE 4n 
curl F + —-—— = a eee Seg 
=: Fae 0 , curlH raer as (a) 
in the form analogous to the Dirac equation (spinor equation): 
3 

1 ae An 
—= G—p=-—G . 

i 3, Oxi” c 2 ©) 


je 


Determine the matrices @ and their commutation relations and deduce the wave 
equation for ~ from (b). 


Solution. We define the four-component column vectors 


Wo Po 
Wy om 
= and @= ; 1 
¥ 1) 2 (1) 
3 23 
where ¢o =.co, Od: =ji =). $2 = J2 = Jy, 63 =J3 = j,. Furthermore, we have 
x9 =x9q = ct, x) = —x, =x, x? = —x, = y, x? = —x3 = z. Now we define the 


components of w as 
Y=0 , W=Mh—-ik , t=A-ikh , s=Hs-iks . (2) 


From this definition it follows that the matrices a have partly real and partly pure 
imaginary matrix elements. From (b) we get the equation 


O 4 
Ba 4 ey tay | = ee 3) 
e Ox Oy Oz c 


Denoting now the matrix elements of the matrices @ by a/, we can write down the 
components of (3) explicitly. In the same manner we write the components of the 
Maxwell equations (a) and compare the coefficients of both systems of equations. 
In order to obtain the correct signs in the Maxwell equations using (2) we infer, 
as there appears a factor —1/i, that the a’, only take values +1 or +i. 


Important Remark. As wo = 0, this procedure determines the columns 1, 2,3, but 
not column 0. We can fix the remaining column by requiring that @ is Hermitian 
and that (@/)* = Il. For the matrices @ we now find 


106 2. A Wave Equation for Spin-4 Particles: The Dirac Equation 


ee, 1-0. OnsD 
XeCISe £.1. ee 0100 
1:0 SOmaiaEO ; 
0 (020m 
Ot 0 
cide? 40 0 ao 
20950) (0a ®) 
07-10) 1a 
oO {oe 
nor eaeOiae' Ov. 20a 
1-1 0 00 , 
Cs) sla 
OrO 0 
8 00 -1i 0 
7 OF 080 , 
1 | 0 ao 


and the operators G are Hermitian. We see immediately that trace 4’ = 0 holds 
for 7 = 1,2,3 and, thus, we obtain the commutation relations 


GW +46'=0 , Go =i0 ~, 
OG eG =O | are ne 
Giro 0) 426 ela sand |” (5) 
@y=@y=@y=1 . (6) 


Using these, we infer from (b) that 
he re: 
(-; ar) (-7 ae) 
(a® 2 aiy2 
-{e a ge harg oat 


ee” 
wo yay ; (7) 


as the mixing terms are proportional to the anticommutators (5) and hence vanish. 
This means, from (3) and (7), 


4 7) 
Oy ==) ae oO. (8) 
0 


Hence, if there are no source terms (© = 0) the components of 7, that is the 
components of the electromagnetic field, obey a wave equation. If there are sources 
present, then for the upper component of (8) with wp = 


3 
0d} 80 
= i ae +divj =0 (9) 
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follows as a necessary condition of a solution of (b). Obviously, (9) is just the Exercise 2.1. 
continuity equation. We also can recognize the analogue to the Dirac equation in 
the Schrodinger form: 


ae 
( - 55 - fo) v= an (10) 


where Ho = (1/i) )>,_, @*0/Ox* has the same form as the Dirac Hamiltonian for 
vanishing mass mo. 


2.1 Free Motion of a Dirac Particle 


We examine the solution of the free Dirac equation (2.2) (that is, the Dirac equation 
without potentials) and again write it in the form 


(6) A aA 
ince = App =(ch-ptmoec’Byy . (2.22) 
Its stationary states are found with the ansatz 
p(w, t) = p(x)exp[—G/Ajet] , (2.23) 


which transforms (2.2) into 
eva) = Hyp(a) . (2.24) 


Again the quantity € describes the time evolution of the stationary state (x). 
For many applications it is useful to split up the four-component spinor into two 
two-component spinors ¢ and yx, i.e. 


Wy 
elo} = | ¥ 2.25 
y= a ia with ( a) 
Wa 
ey _ (% 
p= ( y and x= ( e (2.25b) 


Using the explicit form (2.12) for the & and B matrices (2.24) can be written as 


EX = co - py — moc?xX (2.26) 
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States with definite momentum p are 


( 4 = &) exp[(i/h)p- a]. (2.27) 
xX Xo p 

oe 
The equations (2.26) are transformed into the same equations for Hp and yo, but 
replacing the operators p by the eigenvalues p. Ordering with respect to ®o and 
Xo results in the system of equations g. 


(€ — moc’) yo —c&+pxXo =0 , 


—c& + pyo t+ (e+ moc’) Iyo=0 . ; (2.28) 
This linear homogenous system of equations for bo and xo has nontrivial solutions 


only in the case of a vanishing determinant of the coefficients, that is 


(e—moc?)1 -cé&-p | _ 
—c6-p = (€+moc’)I| Os (2.29) 


Using the relation® 

(6-A)\Gé-B)=A-Bi+iag-(AxB) , (2.30) 
equation (2.29) transforms into 

(c* —mgc*) 1-c? (G+ p)(@-p)=0 , 

e*=mec*+c*p* , 
from which follows 


OLE, 4 kp = 10 p ee. (2.31) 


The two signs of the time-evolution factor € correspond to two types of solutions 
of the Dirac equation. We call them positive and negative solutions, respectively. 
From (2.28), for fixed e, 


c(G +p) 


emer! (2.32) 


o= 


Let us denote the two-spinor Yo in the form 


U; 
= U = 
po i) (2.33) 
with the normalization 
UtU =USU, + UZU,=1 , 


where U;, U2 are complex. Using (2.27) and (2.23) we obtain the complete set of 
positive and negative free solutions of the Dirac equation as 


®° Encountered previously in W.Greiner: Quantum Mechanics — An Introduction, 3rd ed. 
(Springer, Berlin, Heidelberg 1994), Exercise 13.2. 
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iS 


U [i( AE, t)/h 
Ga) on ( Paro) expli(p © —"0Ep#)/) oon 
moc? + AE, 2nh 


Here A = +1 characterizes the positive and negative solutions with the time evolu- 
tion factor « = AE,. The normalization factor N is determined from the condition 


[Be ntpv@,nes = 6) 5(p—p’) . (2.35) 


Hence, 


27 A 
N2 UtU as (G -p)(o-p) = 
( a (moc? + AE,)? 2 


or, using (2.30) 
Co by’ 
N2[1 ce. an =] 
( a (moc? + ER) 
Bees (moc? + AE,)? 
(moc? + AE,)? + c?p? , 
a (moc? + E,)* 
VV Ongct + c2p2) + 2moc?AEp + Be 
7 Gnge? -- AE, 
Vi 2(moc? + AE, Ep 
(moc? + AE,) 
y p 


The spectrum of €p, = AE,, corresponding to the spinors %)(a,t), is shown in 
Fig. 2.1. There appears — as in the case of the Klein—Gordon equation — a domain 
of positive and negative frequencies (“energy eigenvalues”). We will discuss the 
interpretation of the states with A = —1 in detail later on. We now recognize that 
all states (2.34) are eigenfunctions of momentum 


PY = pYp(Z, ft) . (2.37) 


For every momentum p there are two different kinds of solutions, those with 
A = +l(€ = +£,) and those with A = —1(€ = —E,). We will now show that 
another quantum number, the helicity, can be used to classify the free one-particle 
states (2.34). First we note that the operator 


= ae Ae ae z 
p= (4 3) Pp (2.38) 
commutes with the free Dirac—-Hamiltonian operator A, (cf. (2.2)]. Here 


a ie eh fo 0 
$= 728=3(6 Q) (2239) 
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Fig.2.1. Spectrum of the 
eigenvalues of the free Dirac 
equation 
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3 
(a) (b) 


Fig. 2.2. Electrons with posi- 
tive (a) and negative (b) 
helicity. The double arrow 
denotes spin. © and © sym- 
bolize the two possible rota- 
tions of the electron 


is the four-dimensional generalization of the spin vector operator.’ We calculate 
[Ar, 2 -p]_ = [c&-P+ Broc?,S-p)_ =cla-p,L-pl_, 
as B is a diagonal matrix and hence [B, S|_ = 0. Furthermore, we obtain 


(@- pS - p) — (2 - py(@- p) 


Hence, 

(Ar, 2 -p]_ =0 (2.40a) 
and naturally 

[p, F-pl_=0 . (2.40b) 


This means that 3). p, Hy and p can be diagonalized together. The same holds 
for the helicity operator 


At ee (2.41) 


as we can immediately see by repeating the calculations that led us to (2.40a, 
b). Helicity has an obvious interpretation: it is the projection of the iia onto the 
direction of momentum, as illustrated in Fig. 2.2. 

If the electron wave propagates into the direction of the z axis, we have 


p = {0,0,p} 
and, because of (2.41), 


L Cso0 

ee ee (me 0 ane) 

O50 SO, 0 2 
Oo moe 1 


with the eigenvalues +h/2. Clearly, the eigenvectors of As are 
uy uy 0 0 . 
(a 5 ( 0 ) ; & ‘ (..,) with (2.43) 
te & atid: ta (°) 


7 See W. Greiner: Quantum Mechanics — An Introducuion, 3rd ed. (Springer, Berlin, Heidel- 
berg 1994), Chaps. 12, 13. 
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Now we can classify completely the free Dirac waves propagating in the z direction; 
we denote them by ¥Y, );,(@,t) and write explicitly 


(0) 


Vy r,41/2 =N ger expli(pz — AE,t)/Al , (2.44a) 
Sa) 
(i) 
Y,,d,-1/2 = N oe ; expli(pz — AE,t)/A] . (2.44b) 
eer) 


From (2.35) one immediately recognizes the validity of the orthonormality relations 


‘i Dh 5, Upir's, Px = 66,55 — PL) (2.45) 


2.2 Single-Particle Interpretation 
of the Plane (Free) Dirac Waves 


In this section we shall examine the single-particle interpretation of the free Dirac 
equation and its solutions in greater detail. Many of our considerations will be 
similar to those carried out when discussing the Klein—Gordon equation and, in- 
deed, we can already remark at this stage that we will find that a single-particle 
interpretation can be performed to a large extent after a suitable modification of 
the operators. However, such an interpretation will not stand a rigorous treatment. 

First we shall discuss the interpretation of the energy. From (2.31) we know 
that the eigenvalues of the free Dirac Hamiltonian A; (2.2) are € = +E,. As in 
the previous discussion of the Klein—Gordon equation we have to find out whether 
the time evolution factors can be interpreted as energies. In order to answer this 
question we use the canonical (Lagrange) formalism. In the following Exercise 2.2 
it is shown that the Lagrange density, leading to the free Dirac equation (2.2) is 
given by 


L=inwi oy tiAcWIV AV —mc2vi Bu, (2.46) 


and, using this result, we will also calculate, as previously in (1.59-61), the energy 
related to the free solutions (2.44) of the Dirac equation. The result is that 


E=e= +, (2.47) 


is identical with the energy of the states. This is different from the case of the 
Klein—Gordon equation: The free Dirac equation possesses positive and negative 
energy solutions, whose energies are given by (2.47). What is their interpretation 
since there is none in the framework of a one-particle theory? With the proposal of 
the hole theory, Dirac showed the following way out of this difficulty: let us assume 
that real electrons are described only by positive energy states (2.47), these are the 
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a moc 


=— moc’ 


Fig. 2.3, The negative energy 
states with E < moc? are 
occupied by electrons and 
form the “Dirac sea”. As we 
shall see later on in greater 
detail, they represent the 
vacuum state and are unob- 
servable; whereas real, i.e 
observable, electrons in gen- 
eral exist only in states of 
possitive energy 


states with E = +E,. All states of negative energy are occupied by electrons, one 
electron in each state of negative energy and given spin projection [see (2.44)]. 
This is illustrated in Fig. 2.3. 

In this way a real electron of positive energy is also prevented from falling into 
energetically lower and lower states by radiation emission. A radiation catastrophe 
of this kind is averted by the effective Pauli principle which simply does not allow 
these transitions. On the other hand the question arises as to the meaning of a 
hole in this occupied “sea of negative states”. Later on in Chap. 12, we will see 
that this leads to a meaningful description of the positron (the antiparticle of the 
electron). One thing should already have become clear here: The interpretation of 
the negative energy states of the Dirac equation takes us out of the one-particle 
picture and into the many-particle picture (more precisely, infinitely many particles 
are necessary for the formation of the Dirac sea). Therefore a consistent single- 
particle interpretation of the Dirac theory is not possible, a fact which is contrary 
to Dirac’s initial intentions. Figure 2.3 gives an especially clear view of this aspect. 

However, we pursue the single-particle aspect further and devote ourselves to 
the investigation of modified one-particle operators and to Ehrenfest’s theorems. 
This way, perhaps, a consistent single-particle description can be obtained. For this 
it is helpful to introduce the sign operator A, 


(2.48) 


Of course it commutes with the free Dirac Hamiltonian Ay. Furthermore, A is 
Hermitian and unitary, i.e. 


A=Ai =f" (2.49) 
In momentum representation A has an especially simple form, that is 
»~ c(&+p) + Bmoc2 
re (& - p) + Bmo (2.50) 
E, 
The name “sign operator” comes from the fact that 
, € AE 
AWy, d,s, i? Evers: = oe = Ap, d,52 (2.51) 
P E, 


A has as eigenvalue the sign A(= +1) of the time-evolution factor. AX = +1 means 
positive-energy states, \ = —1 negative-energy states. An arbitrary state with fixed 
A can be written in the form 


i ii As,(P)Yp,r,s, PP (2.52) 
Then 
A A; 3 
Avy AS (DP) Yrs. FP = rs (2.53) 
se Ip 
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INS 


We can use A in order to introduce the projection operators A+. by 

A, =40+ A) (2.54) 
with the useful properties 

Ae) = Vea 


A,MH_-,=0 , 
A_Wy~ 41 =0 , 
AW) =W_) . (2.55) 


The operators Ax. split off the positive (or negative) parts of the state to which they 
are applied. As earlier, in the context of the Klein—Gordon equation [cf. (1.160, 
161)], we call operators “even” or “odd” if they transform positive (negative) 
functions into positive (negative) or negative (positive) functions, respectively. 
The product of two even or two odd operators is always an even operator, and 
the product of an even and an odd operator is always an odd operator. Since all 
positive functions (A = +1) are orthogonal with respect to all negative (A = —1) 
functions, the expectation value of an odd operator with states of fixed A is always 
zero; hence, 


(Wy |Aoaa|¥) = 0 


A consistent one-particle theory can only use states with a specified sign (either 
A = +1 or A = —1), because the energy can only be defined meaningfully in 
that way (cf. our preceding discussion). However, from that it follows that in a 
consistent one-particle theory all physical quantities must necessarily be defined by 
even operators. In the following we shall see that for Dirac’s theory, Ehrenfest’s 
theorems follow under this condition too, i.e. the quantum-mechanical operator 
equations and the corresponding classical equations become identical. Once again 
this means that the mean values comply with the classical equations, a fact which is 
quite significant. We formalize these considerations by splitting up every operator 
A into an even [A] and an odd {A} part 


A=[A}+ {A} . (2.56) 
If we simply write in short form W for Y,-+4); we obtain 

AW, =[AJw, + {A}, , (2.57a) 

AU_ =[AJW_+{A}_ , (2.57b) 

AA AW, = AAW, = (Aw, — {A}, , (2.57c) 

AAAv_ = —AAW_ = [AJW_ —{A}e_ . (2.57d) 


Hence, it follows by, say, addition and subtraction of (2.57a) and (2.57c) or, also, 
(2.57b) and (2.57d) that 


(4) =4(4+ AAA) , {A} =}A-AAA . (2.58) 
We immediately recognize that the free Dirac Hamiltonian Hy is an even operator 
since 


AH, A =H; and therefore (Ay) = 1 (As + AR; A) = A; 
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2.2 Lagrange Density and Energy-Momentum Tensor 
of the Free Dirac Equation 


Problem. Determine the Lagrangian density of the free Dirac field. Calculate the 
energy-momentum tensor and interpret the individual results. 


Solution. We claim that the free Dirac Lagrange density has the form 
L=U(cihy"d, —moc?)p . (1) 


wp := p'7° is called the spinor adjoint to 7 and the abbreviation 7” stands for 
7° = B, 7 = Ba! [cf. Chap.3 (3.8)]. Also 0, := 0/Ox*" is a shorthand notation. 
Straight away we introduce these y“ matrices instead of the @ and B, but will 
revert to the d/, B representation in all important sections. The ’ are appropriate 
for the covariant formulation of the Dirac equation. The Lagrangian density (1) 
can therefore be rewritten as 


L= iho + cptinyy db — moc?plyow , (2) 
since Yo = y°. Because of 0; = 0/Ox' = (V),, this yields 
L= wl (ihd, + iic& - V — moc?y0) v 
=o! (ihd, —c&-p— roc”) y , (3) 


which uses the @, 3 matrices instead of the yy". We realize that this is the correct 
Lagrangian density if we determine the equations of motion by variation. Variation 
with respect to yields 


6 Lda 
oy Ow Opp) 
=> (cihy"0, — moc?) p=0 . (4) 
This is Dirac’s equation 


ind, = (&- b+ Bmoc”)b 
= Ay) (5) 


with the free Hamiltonian 

Ay(c&-p+ Bmoc?) . (6) 
We recognize that for the solutions of the equations of motion (5) 

6bL(p)=0 . (7) 


Variation with respect to w yields 
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6 f Ldtx aL aL 
Cd ee a 
6p dp —"* A(A,) 
> (itm. P yc + moc’) =0 , (8) 


<— —— 
where 0, acts to the left on ~. One can easily calculate the canonical energy- 
momentum tensor from the Lagrangian density CL: 


OL OL = 
py ———- 0, Oy) = (Ne ) 


vy 
which follows explicitly with (1) as 
TY, = pihey" yw — Sepihcy’ Oop + moc?dy . (10) 
From that one obtains the energy density To, 


T° = —Wthihd - Vew + moc?by 


=v! (@-pe+ Bmoc?) p= YA . (11) 
Consequently 
[toss = (wiFelv) (12) 


(that is, the energy), is just the expectation value of A; in the state 7). By analogy 
the momentum density T°; is given by 


T°, = pico =VU'Picv , (13) 


in other words, p; = (1/c) f T°; dx = (|(p);|W) is the expectation value of the 
momentum operator in the state y. The components 


Ti; = pike (70; — 6 "O,) P+ Gmc, (14) 
which can simply be written for each solution of the equation of motion as 

Ti; = pihey Gb = —Wy' fred = —YlApjew (15) 
are called the components of the stress-strain tensor. The trace of T”, is given by 


T =T",, = ihe (y"O, — 4770s) p + 4moc* hp 
= —3¢ (ihey"d,, — moc”) b + moc? (16) 


which, for every solution of the equation of motion, just becomes 
T=mecrvy . (17) 
One should notice that this is not proportional to the charge density 


o=evyp=ep'y . (18) 


Exercise 2.2. 
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2.3 Calculation of the Energies of the Solutions to the Free Dirac Equation 
in the Canonical Formalism 


Problem. Calculate in the framework of the canonical formalism the energies of 
the solutions (2.44) of the free Dirac equation. 


Solution. We can determine the energy as the integral 
E= / Pox . (1) 
Vv 


If we insert (11) of Exercise 2.2 as well as the solutions (2.44a) for w into this, 
we obtain 


= Now 1 0 en 

I( moc? + AE, ) 
Vv 

| 


‘ 0 
x (4 “pet Bmoc’) pe dx (2) 
moc? + AE» 
0 


Since for (2.44) p = (0,0, p) holds, we get by calculation 


BoN?V | 1 0 a 
( moc? + AE, 


0 
He(2 a)eme($ 0) cob 
: moc? + rE, 

0 


—N?V (1.0, 0) 


moc? + AEp : 
eee es 1 
moc? + AE, 0 
x | pc 0 + moc? He 
I moc? + rE, 
0 0 


ani? Oe) 
=N?’V aon Se toon eee 
moc? + AE, (moc? + AE,)* 


= N?V (moc? + Ey)” (2p2c? moc? + 2p?c?rE, 
+ mc® + Impc*AE, + mgc® + moc?p*c” — moc*p*c”) 
=a 
= N°V (moc? + AEp) ~ (2(AEp)® + 2mgc® + 2moc*p?c?) 
nr? 2 -1,)272 
=N’V (moc? +E) 2A Eee (3) 
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Here we have used wave functions which are normalized with respect to a finite Exercise 2.3. 
spherical volume V. If we furthermore insert the normalization factor N from 
(2.36) 
2XE i 
aie aa (4) 
moc? + AE, 

we finally obtain 

E=2XE , 
that means 


E = +4/p?c? + mc* 


for the upper energy continuum (A = +1) and 


E = —4/p?c? + mc* 


for the lower energy continuum (\ = —1). Hence, the free Dirac equation leads to 
states with positive and negative energy. 


As for the Dirac Hamiltonian A; for the momentum operator p also 
ApA=p , sothat [p)=p 
Let us also determine the even part of the @ operator. We have 


Ae A 2 af A 2 A 
c& +p + Bmoc 4, © Pp) + Bmoc a 2p 


L 2} 
A aA a2 
c4/ p? + mec? c4/ p” + mec? cy/p + mec? 


Aé; A = 


[4i} = 5(G + AG; A) = 68, ————= (2.59) 
c4/p + mac? 
In a similar way one calculates 
. a A 
[8] = mor A= mc? —_———— . (2.60) 


E cy\/p” + mc? 

Now we determine the velocity operator in the Dirac theory. Since we are con- 
cerned with an equation of Schrédinger type [cf. (2.2)], the theorems for the time 
derivatives of operators which we formulated in (1.157) are also valid here and we 


obtain 
cic ee es er Boat 
— = x [@sA]_ = = [B.c(&-B) + Boo] _ 


Bap cao=v . (2.61) 
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Fig. 2.4. Illustration of the 
Zitterbewegung in the forced 
one-particle picture. The lo- 
cation x performs a Zitter- 
bewegung around the mean 
(classical) trajectory [x] 


2. A Wave Equation for Spin-3 Particles: The Dirac Equation _ 


Since the eigenvalues of & have the values +1 we obtain here the paradoxical result 
that the absolute value of the velocity of a relativistic spin-5 particle always equals 
the velocity of light.® Moreover, since the &; do not commute with each other the 
components of the velocity da;/dt would not be simultaneously measurable. Of 
course, this is nonsense and certainly would not yield the classical relations for the 
mean values (Ehrenfest’s theorems). According to previous statements, however, 
we find, using (2.59), the true velocity operator, that is the even part of da/dt, to 
be 


20 
EB 4). ee (2.62) 


Accordingly, the true velocity equals c*p/E, for positive and —c?p/E, for negative 
free solutions of the Dirac equation. This exactly corresponds, for positive solutions, 
to the classical picture. For waves with negative energy the result is paradoxical in 
the first instance since their velocity is directed against their momentum. Therefore 
particles with negative energy behave formally as if they would have a negative 
mass. Later on we shall comprehend these facts better in the context of the hole 
theory (Chap. 12). Accordingly, the motion of a single particle can be visualized as 
follows (cf. Fig. 2.4). The particle has to perform — if we adhere to the one particle 
interpretation — a kind of Zitterbewegung (trembling motion) around the classical 
location [a] (classical trajectory). 

Now we investigate the result (2.62) from yet another point of view. If we 
consider wave packets built up from free Dirac waves, we show that only the 
mean of the centre of the wave packet generally follows a classical trajectory. 

In order to understand this we integrate the equations of motion in the Heisen- 
berg representation: 


dz lire es e 

de = ih (&, f|_ =ca , , (2.63) 

d& 1 A oe x Di en Zicp =. 

— =. (46,A;|_ = - [Aa + 4A;| —- —4A; = —— - ah; . i 

a (a, Ay] _ =I (x + GH] 5 ot 5 5, Ott (2.64) 
Since p and A; are constant in time (because [p, Ay]_ == (Ar, Ayj_), one can 


easily integrate the former equation and obtain 
_ : cp oe Cp 
&(t) = (a = *) exp (—2iA;t/h) + 2 (2.65) 
He Hs 
If this result is inserted into (2.63), then Z(t) can be explicitly calculated with the 
result 


: cp ( cp \ ihe i 
z(t) = £(0) + —1t+ | &(0)- — )—= —2iH, F : 
(t) (0) ii &(0) aes exp ( 1 pt /h) (2.66) 


This result determines the space operator Z(t) in the Heisenberg representation at 
time t. Of course, the operator £(t) also depends on &(0) and &(0). Making use 
of (2.66), the equation of motion of the centre (Z(t)) of each wave packet can be 


® This was first recognized by Gregory Breit in 1928. 
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determined. It is interesting to compare this with the classical equation of motion, 
which reads 


ee 

Zoy(t) = £y(0) + (=) bo (2.67) 
P cl 

The comparison of (2.67) with (2.66) shows that the free wave packet indeed 

follows the uniform classical motion [first two terms in (2.66)], but that moreover 

a rapidly oscillating motion is superposed, namely 


( 


The amplitude and frequency of these additional oscillations are of the order 
h/2moc and 2moc*/h, respectively. This oscillating motion is the previously men- 
tioned Zitterbewegung. It vanishes if wave packets with exclusively positive or 
negative energy are considered. This becomes clear if we calculate, with (2.54), 


» (,  cp\exp(—2iA;t/h) » 
ee | (er Z.69 
Af x) ofr + (2.69) 


i(a@ - ) a exp (—2ifla/)|) | (2.68) 


f f 


where A, are the projection operators for the states of positive and negative energy, 
respectively. Namely, 


[H;,&]_ = 2ch-26A; , (2.70a) 
ra + GA =2cp ; (2.70b) 
ae 1 roe Tendtnge 

[Az,@]_ = 5 [d+ A), &|_ = +514, 4) 

a = |= = +-— ; A = +— er 2G 

=| fa] 2 E, | e pos 

ie Aa 0"; (2.70d) 

AAs = +E, Ay . (2.70e) 


With this we can write 


. (. cCh\ > exp(—2ifyt/h) _ .exp(—2ifyt /h) 
Ay OVS ira A, ———_—_. = A 
2A; 2A; 


b] 


f 


and, because of the preceding calculation (2.70c), one gets 


Thus one obtains 
‘ ap ae eo). 
A= |\@Az + — FA— —- =| At 
- 2 a Ep Hg 
and the identity Ay. Ay = Ax, for the projection operators is recovered in a trivial 
way, finally resulting in 
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Ae A G8ay ee AO 
E, Ey He 


Hence, the Zitterbewegung is caused by the interference between the positive 
and negative energy compounds of a wave packet. It demonstrates that in a real 
sense a single-particle theory is not possible; it can only be approximately obtained 
if the associated wave packets can be restricted to one energy range. 


2.3 Nonrelativistic Limit of the Dirac Equation 


Before we proceed further with the extension of the Dirac theory, it is important 
to check whether the Dirac equation yields physically reasonable results in the 
nonrelativistic limiting case. First we study the case of an electron at rest; in this 
case we obtain the Dirac equation by setting py = 0 in (2.2), 


a) P 
inSY = Amey Ci) 


In the particular representation (2.12) with 


Pan lle 
= (5 4) 


we are able to write down the four solutions 


il 0 
yp) — ; exp[—i(moc?/A)t] , y= ; exp[—i(moc?/h)t] , 
0 0 
0 0 
YO = LF | explticmec?/mye] , v= |? | explticme?/Me] . 2.72) 
0 1 


The first two wave functions correspond to positive, the last two to negative en- 
ergy values. The interpretation of the solutions with negative energy still causes 
problems and is postponed [cf. (2.47)]; however, the correct interpretation leads to 
a considerable triumph of relativistic quantum theory by forecasting and describing 
antiparticles. At first therefore we restrict ourselves to solutions of positive energy. 
In order to show that the Dirac equation reproduces the two-component Pauli equa- 
tion’ in the nonrelativistic limit, we introduce the electromagnetic four-potential 


AH = {Ao(a), A(x)} (2.73) 


into the Dirac equation (2.2). We know that the minimal coupling 


pt — pe — Lar = rye 
Cc 


? See W. Greiner: Quantum Mechanics - An Introduction, 3rd ed. (Springer, Berlin, Heidel- 
berg 1994), Chap. 12. 
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ensures gauge invariance of the theory, where [/ is the kinetic momentum and 
p* the canonical momentum. So we are inevitably guided to the Dirac equation 
with electromagnetic potentials 


eS, a 
e(in — “Ao v = (ca : (0 — <A) me Bmac*) w 


or 

eee ae ea Ae 

ina w =|[(c&-(p- cA +eAg+ Bmoc~}y . (2.74) 
This contains the interaction with the electromagnetic field 

A! = —<c&- A+ eAg = —<0- A + €Ay (2.75) 
where 

o= ae — co 

es 


is the relativistic velocity operator. The expression (2.75) corresponds to the clas- 
sical interaction of a moving charged point-like particle with the electromagnetic 
field. The velocity operator, however, is the formal operator 6 from (2.61) which 
contains the Zitterbewegung. 


EXERCISE 


2.4 Time Derivative of the Position and Momentum Operators 
for Dirac Particles in an Electromagnetic Field 


Problem. Calculate the time derivative of the position operator Z and of the kinetic 
momentum operator IJ = p — (e/c)A for Dirac particles in an electromagnetic 


field. Compare the result with the corresponding classical expressions and discuss 
Ehrenfest’s theorems. 


Solution. The Hamiltonian of a Dirac particle in the electromagnetic field is [setting 
Ao(x) equal to ¢(z)] 


fi = cd (p-£A) + moc? + ed (1) 


Furthermore, the equation of motion of an arbitrary operator F is given by 


OF OF shin 

—=—+-[H,F]_ , 2 

A arn pts F) (2) 
and for the position operator we obtain 

of = 117,81 3) 


dt A 
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Exercise 2.4. 


since 0£/Ot = 0. With (1), the commutator reads 


(7 ,Z)_ =cla-p,2)_ —e[@- A, Z)_ 


+ moc"[B,@]_+el9,8]- , (4) 
¢ is the Coulomb potential, i.e. [¢,%]_ = 0. The position operator Z is nothing 
but a simple multiplication operator &p = xy (i.e. it is diagonal with respect to 
the spinor indices) and contains no differentiation. Hence (2, £]_ = = Qe ee 


Furthermore we will use the identity (AB, C]_ = fA, Cle B + A[B,C]_ to show 
that 


[& +p, 8) = S~ {16;, %]_-Bjex + &j (Bj, %1—ex} 


dik 
he. ee Dee h 
= by 5 Ei = qe , since [pj,%J- = a ik (5) 
i] 
[a> A, #]_ = 0 since # commutes with & as well as with A: we obtain [H, £]_ = 


(h/i)c&, and hence 

—=ch=d ; (6) 
hence the velocity operator of a Dirac particle is given by 

(Fra Bee (7) 


Let us now see how this operator acts on a Dirac spinor. Considering the single 
components, this reads as 


vw = cdjp = tcp 


since the operator & has the eigenvalues Gj = +1. This result means that a Dirac 
particle always moves with the speed of light and it is clear that this finding has 
no classical analogy {cf. the discussion following (2.61)]. The equation of motion 
for the kinetic momentum IT = p — (e/c)A is 

ed0A 


di _ om 
ie ar ar aU m_ = 718, ee : (8) 


because the potential A(r,t) can depend on time explicitly. The commutator is 
given by 


A A A im é A 
[ff I1]_ = [H, pl- — ~[71, Al_ (9) 
First we calculate the single commutators 
[A pl_ = cl&-p,p)_ — e[&- A, pl_ + moc"[B,pl_+el¢,p] , (10) 


and p = —ihV, it follows that i.e. (8, p] = 0 since B does not depend on space 
coordinates. Furthermore it holds that 


eld, Dl- = ieh[V, 4]_ = ieh(V — 6V) 


2.3 Nonrelativistic Limit of the Dirac Equation 


Making use of this relation we obtain 
eld, DI_p = ieh(Vob — V)p = ieh(V by — VY) 
= ieh{~Vo + OV — OVP} = ieh(V dp 
for any wave function y, i.e. e[¢, p]_ = ieh(V ¢). Further we find 
clap, pl =c Y_ {[di,B))-Bie; + Gi[fi,Bj)]-e} =O , 
iJ 


because [f;,p;]_ = 0 and [4;,p;]_ = 0 (since 4; does not depend on the space 
coordinates). This leaves 


—e[@-A,p]_ = —e S> { [4% )]_ ie) + Gj [Ai Bj] _ e\} 
i,j 


=-e) 4[4,pj)_-¢ - (11) 


ij 
The second commutator in (9) yields 
-£ {A A]_=—<{cla-p,Al_ —el&- A, Al_ 
a e 
+ moc*[B, A]_ + el¢, Ale) 


Since [8, A]_ = [¢, A]; = 0 and [&- A, A]_ = 0 (A commutes with & and also 
with itself), we get 


—el&-p, Al_ = —e E {tea ne + 6 [i,j] _ 5) 


iJ 


= -e Se [pi Aj]_ A (12) 
if 


In total we have 


di i}, 7 P 2 e 0A 
mr seu = ae {1Ai,Bj)- + pal jo] = 


10A i€ P. a 2 
= +e (- ae = vo) ee {- (Ai, Bj} _ = [e.Aj]_} ej < (13) 
S——_ —_<_" ty 
E 
Additionally, 
[p:,Aj}_ py = —ih (ViAj — A; Vi) ¥ 
= —-ih (VilAjv) — Aj Viv) 
= —-ih {WV;Aj +A;Viv — Aj Viv} 
= If) (V;A;) yp, 
where the gradients act on A only! Hence (pj, Ai-—[pi,AjJ- = ih( VA; — ViAj), 
and thus we find 
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Exercise 2.4. 


di e a ine 
ae =eE+ a Bie (VjAi as ViAj) éj =e (z a5 aon x curl 4) . (14) 


The final step is verified by performing some simple algebra, leading to 
Sy = e(B+ 20x 8) ; cS) 
dt (a 
In the classical case this is just the Lorentz force. Thus, we realize that the operator 
& does not satisfy classical equations of motion whereas a “classical” equation of 
motion can be set up for the operator IT, in which the formal velocity operator (7) 
appears. Hence (15) seems to coincide, at least formally, with the corresponding 
classical equation, although we always have to bear in mind that any expectation 
values of (15) are not very useful because % contains the Zitterbewegung. Only 
the projection of the even contributions of (15) produces results which are relevant 
within the scope of a (classical) single-particle description. Obviously at this point 
we reach the limits of the single-particle interpretation. 


The nonrelativistic limiting case of (2.74) can be most efficiently studied in the 
representation 


y= ; (2.76) 


where the four-component spinor wp is decomposed into two two-component spinors 
@~ and x. Then the Dirac equation (2.74) becomes 


40 fae) . | caihnay ep 2( @ 
ins (2) = (3 X) + edo (2) + moc - : (2e7T) 


the G; as well as the B matrices having been inserted according to (2.12). If the 
rest energy moc”, as the largest occuring energy, is additionally separated by 


() = () exp[—i(moc?/h)t] (2.78) 
then (2.77) takes the form 

»Ofe\ (cé-H x 7) 2{ 0 

ing (2) = (54 x) 4 eho (2) —2mec (.) : (2.79) 


Let us consider first the lower (second) of the above equations. For the conditions 
|ihOx/Ot| « |moc?x| and |eAox| < |moc?x| (i.e. if the kinetic energy as well 
as the potential energy are small compared to the rest energy) we obtain from the 
lower component of (2.79) 


_é- 
= 2moc 


(2.80) 


This means that x represents the small components of the wave function w, a 
result we already know from (2.32), while y represents the large components y ~ 
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(v/2c)y. Insertion of (2.80) into the first equation (2.79) results in a nonrelativistic 
wave function for y 


Op (6-Hyé-TD 
fee Seer 
1 a Dis pteAgp . (2.81) 
With the help of (2.30) we continue the calculation, 


(6 - I1)(6 -f1) = fH +ié - (fT x 1) 


2 
= (p-£a) +ié- |( inv - £4) x (-inv -£a)] 
c Cc Cc 


2 
eS (e- <a) ~ he «(VY x A) 
c Cc 


and finally obtain (2.81) in the form 


0” ae eh , 
ina = |(e- £4) [2m — 5-6 +B + eho yp . (2.82) 


This is, as it should be, the Pauli equation.'° The two components of y, there- 
fore, describe the spin degrees of freedom, which we have already dealt with in the 
section dealing with free Dirac waves [cf. (2.38-44)]. From the former discussion 
on the Pauli equation we know that this equation, and hence also (2.82), yields the 
correct gyromagnetic factor of g = 2 for a free electron. This can be demonstrated 
once again by turning on a weak, homogeneous magnetic field 


BolAS A=tBx2 


where the quadratic terms of A in (2.82) have been neglected. With 


D 2 

ms é a é a2 @€@ A 

pe -A) —|9-—Bx<a) =p —-(Bx2)-h 
( c ) ( 2¢ 2 ) . =) 


where L = x x f is the operator of orbital angular momentum, and 


S = 1né 


= 


is the spin operator, it follows for the Pauli equation (2.82) that 


a 0 p @ A A 
ih—yp = |—— —- ——(L4+2S)-Br+eAoly . (2.83) 
2m)  2moc 

This form shows explicitly the g factor 2. However, the most important result is 
that, in the nonrelativistic limit, the Dirac equation transforms into the Pauli equa- 
tion, i.e. to the proper nonrelativistic wave equation for spin-4 particles. Since spin 


10This is well known from W.Greiner: Quantum Mechanics — An Introduction, 3rd ed. 
(Springer, Berlin, Heidelberg 1994) Chap. 12. 
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exists both at low as well as at high velocities, this implies that the Dirac equa- 
tion describes particles with spin 5. In contrast to the Klein—Gordon equation [cf. 
(1.140), Chap. 1], valid for spin-0 particles, we have now found a relativistic wave 
equation for spin-} particles. Clearly spin comes into the theory by linearization 
of the second-order differential equation (Klein-Gordon equation).!! 


2.4 Biographical Notes 


DIRAC, Paul Adrien Maurice, British physicist, * 8.8.1902 in Bristol, + 2.10.1984 
also in Bristol. With his fundamental investigations he contributed essentially to the 
formulation of quantum mechanics and quantum electrodynamics. In 1933 Dirac 
was awarded the Nobel prize in physics, together with E. Schrédinger. With many 
original contributions, he initiated modern developments in physics (e. g. magnetic 
monopoles, path integrals). He was one of the really great physicists! 


‘cf. in this context the linearization of the Schrédinger equation in W. Greiner: Quantum 
Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Heidelberg 1994) Chap. 13. 


3. Lorentz Covariance of the Dirac Equation 


A proper relativistic theory has to be Lorentz covariant, i.e. its form has to be 
invariant under a transition from one inertial system to another one. To establish 
this we will first restate the essentials of Lorentz transformations and also refer to 
Chap. 14 for supporting group theoretical arguments. 

Two observers, A and B, in different inertial systems describe the same physical 
event with their particular, different space-time coordinates. Let the coordinates of 
the event be x” for observer A and x’“ for observer B. Both coordinates are 
connected by means of the Lorentz transformation 


3 
= Oe ee ee (3.1) 
=) 


a denotes the abbreviated version of the transformation matrix and x the four- 
dimensional world vector. Equation (3.1) is a linear, homogeneous transformation 
and the coefficients a’, depend only on the relative velocities and spatial orientations 
of the reference frames. The distance between two space-time points is invariant 
under the Lorentz transformations (3.1), which can be expressed differentially by 


means of the invariance of the line element (see Fig. 3.1) 


Ge nde gery” (3.2) 
Hence 
dx# dx, = (dx’)#(dx’), (3.3) 


This may also be deduced from the empirical fact that the velocity of light is the 
same in every inertial system.! Now, from (3.3) and (3.1) it follows that 


(dx! )#(dx"), = a yay? dx” dx = dx” dx, = 6P dx” deg; 
hence 
Ged, a0: (3.4) 


These are the orthogonality relations for Lorentz transformations. We now distin- 
guish between proper and improper Lorentz transformations. Namely, from (3.4) 
follows 


! See J.D. Jackson: Classical Electrodynamics, 2nd ed. (Wiley, New York 1975). 


a! + da? 
dK day, = (dx')"(dz'), 


Figure 3.1. 
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Figure 3.2. 


[det (a#)]>=1 , ie. det(a#)=+1 . | (3.5) 


For the proper Lorentz transformations the determinant of the transformation co- 
efficients is 


det (a#)=+1 . (3.6) 


These proper Lorentz transformations can be obtained from the identity (which 
has determinant +1 too) by an infinite number of successive, infinitesimal Lorentz 
transformations. They consist of the group of all transformations of coordinates 
from one coordinate system into another one which moves with constant veloc- 
ity in an arbitrary direction. Normal three-dimensional rotations and translations 
belong to the proper Lorentz transformation too. The improper Lorentz transfor- 
mations contain a (discrete) reflection either in space or in time. Such discrete 
transformations can not be obtained from the identity by successive infinitesimal 
transformations. The determinant of the transformation coefficients of the improper 
Lorentz transformation 1s 


detlay y= 1. (3.7) 


It will now be our task to find a relation between the measurements of observer 
A and those of observer B which have been performed by both of them in their 
respective inertial systems. More precisely, we LEN to find a relation between 
(Fig. 3.2) 


fa) / 
(ine _ _ Wx )=0 and (inn 5 = mc w(x )=0 


yz) y'(z’) 


ct = ct! 
system A system B 


. > - t 
For given 7( x ) for A, the transformation must enable us to calculate 7’ (x ) for B. 
The requirement of Lorentz covariance now means that (x ) in system A as well 


as 1’ (x ) in system B have to satisfy the respective Dirac equations, which have 
the same form in both systems. This is precisely the relativity principle: only in this 
way do both inertial systems become completely equivalent and indistinguishable. 
In the following considerations it is much more convenient to denote the Dirac 
equation in four-dimensional notation to show the symmetry between the time- 
coordinate ct and the space coordinates x'. Therefore we start with [from (2.2)] 


0 
(ngs ihe Yaa gee Amc) ¥ = ba 


which we multiply by @/c from the lhs to obtain 


B 
G 
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With the definitions 
Y=B , F=f , 1=1,2,3 (3.8) 
this can finally be written in the form 


: O O 0 O 
ih Ge Fo) set +P age + Paez) ¥~ moc =0 : (3.9) 


From now on we will write the matrices y“ without the operator sign *; likewise 
we will denote the four-dimensional radius vector (world vector) by x; hence 


=> 


25 es (3.10) 


which will simplify the notation in the following considerably and will scarcely 
lead to confusion. A more elegant formulation of the anticommutation relations 
(2.8) is possible using the y matrices. Because of 3? = 11 it is obvious that they 
now read 


ae all, (3.11) 
“1” being the 4 x 4 unit matrix. The y' (i = 1,2,3) are unitary (v7 — ul 
and anti-Hermitian | (7' )! = —7']; indeed, 

(+)? =—-J=-7'77 , i=1,2,3 > (i) =! 

The fact that they are anti-Hermitian follows directly from (2.8) and (2.9) 

7! = (04) =a) 6 =&G=—64,=—-7' . (3.12a) 
On the other hand y° is unitary and Hermitian, 

(YP) =4+1=4yyt = tay. (3.12b) 


In the so-far-used standard representation the y“ can be written down explicitly 
using (2.13) 


me 0.0 ee 6 ae 
ae 3) P=(4 sy) ; (3.13) 


A further short hand notation is often convenient: It is the so-called Feynman- 
dagger notation, i.e. for example 


3 
A= WA, = gwd =P —-> AHP -7-A . (3.14) 
i) 


Another example is the nabla dagger: 
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| . 
_— 00S ieee Leieray ; (3815) 


With this the Dirac equation (3.9) can be written in the very concise form 


Gh Y—moc)p=0 , (3.16) 
or, with p,, = ihd/Ox*, 
(F—mocyp=0 . (3.17) 


Introducing the electromagnetic potentials using minimal (gauge-invariant) cou- 
pling yields 


(# - <A— moc) p = 0 (3.18) 


Both p" and A* are four-vectors; hence the difference p* — (e/c)A” is a four- 
vector too. While discussing the covariance in the following part we can thus 
confine ourselves to the free equations (3.16) and (3.17). 


3.1 Formulation of Covariance (Form Invariance) 


Covariance of the Dirac equation means two different things: 


(1) There must be an explicit rule to enable observer B to calculate his w’(x’) if 
w(x) of observer A is given. Hence w’(x’) of B describes the same physical state 
as w(x) of A. 

(2) According to the principle of relativity, which states that physics (i.e. the basic 


equations of physics) is the same in every inertial system, ~’(x’) must be a solution 
of a Dirac equation which has the form (3.16) 


6] 
(ity 5 — mo p'(x') =0 (3.19) 
in the primed system, too. Additionally the y/“ have also to satisfy the anti- 


commutation relations (3.11). This is a requirement of the principle of relativity, 
as otherwise A and B could distinguish their inertial systems. Therefore, 


yee yy Sag a (3.20) 
and 

ye (3.21a) 

yit=—yi | §=1,2,3 . (3.21b) 


Within the sense of the principle of relativity these conditions of Hermiticity and 
anti-hermiticity must hold in all inertial systems, something we can also understand 
in the following: Let us first write (3.19) in the form 


/ / 
pen) = (-v"in O 


Aer! aya t mc wy’ or 
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0 OV (x') 0 r Bi oe 

ihy” Di = (-er" iho = + moc?) yp =H'w’ or (3.22a) 
Ove) oie: (eae A alae 
= =|- a ie ( am) 4 moc? We)=H'W’ .  — (3.22b) 


The last form (3.22b) is Schrédinger type; the former (3.22a) is not Schrédinger 
type, because on the Ihs the factor 7” appears with the time derivative. Here we 
have used (7°) = 1 from (3.20). The Hamiltonian H’’ from (3.22b), given by 


A 0 
A’ = —c7%4* (i hava) +7 moc? , (3.23) 
must be Hermitian in order to have real eigenvalues 
ryt ry! 
(H') =H 


This is perhaps a more evident requirement of the principle of relativity because 
it ensures that both observers see real energy eigenvalues. Now the momentum 
operators 


af : 
Pu = ain 


are Hermitian and commute with the 7’ matrices. Hence, both 7” as well as the 
products + from (3.23) must be Hermitian, which means that 


(+)! = ¥0 ; 
10 1k\ t HEN fe fON cee ft | 0 2 Ore 
Cy ea Ny”) =") a = 9 
as (y'*)! = ¥' Oylk ay — —7/* 
tk ily 


Again we have used the relations yy* = —+y and (7)? = 1 which are 


included in (3.20) and we stress the point that ae H' from (3.23) has to be 
Hermitian, but not 


2 O 
lls or” (ingoe z) + moc’ 

from (3.22a), the first part of which is indeed anti-Hermitian. Therefore, we have 
(H’)' 4 H! 


It can be shown by means of a rather long algebraic proof (see Example 3.1 for 
better understanding) that all 4 x 4 matrices 7’ which satisfy (3.20) and (3.21) are 
identical up to a unitary transformation U, i.e. 


ae a, UUs (3.24) 


Hence it follows, because unitary transformations do not change the physics, that 
without loss of generality we can use the same 7 matrices in the Lorentz system 
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of observer B as in the Lorentz system of physicist A, i.e. the matrices (3.13).? 
Therefore, we shall no longer differentiate between 7'" and y", instead we rewrite 
(3.19) as 


(#' — moc) W'(@')=0 , (3.25) 
where now 

A = ihiv’ 3.26 

# = ihy a (3.26) 
holds. 


DS ———————————E—E>E>—_———_—————SS==__= 


3.1 Pauli’s Fundamental Theorem: The 16 Complete 4 x 4 Matrices 1a 


Problem. Show that all representations as the Dirac algebra aye Pe eae 
for 4 x 4 matrices which satisfy ~°t = 7°, yt = —+! are unitary equivalent! 


Solution. The proof? is divided into two parts: 
(1) Proof of the fundamental theorem for Dirac matrices. For two four-dimensional 
representations ¥,,, Rips of the Dirac algebra there exists a nonsingular 4 x 4 matrix 
S$ with Yu = Sao 
(ii) If additionally yo = 74, y! = —y't, x4, = yi, x = —7/", then § can be chosen 
to be unitary. 
The proof uses the 16 following 4 x 4 matrices I, (A = 1,..., 16) (see also 
Chap. 5): 
Ty =1 ’ 
YOs iy ’ iD 173 ) 
2 Vas 13 N15 101 F231 90) 2703 130s 
W273 11205 173710192730 
IN727370 3 (1) 


for which 
(f2=1 (A=1,...,16 . (2) 


Let us denote 1717/2730 = Ys. It can easily be proven that ys anticommutes with 
ih Om): 


5% + MypYs =O (U=O,...,3) . (3) 


? This fact can also be considered to be a consequence of the principle of relativity, since 
otherwise the different structure of the -y matrices in the inertial systems of A and B would 
indicate to A and B in which of the systems they are. 

> This argument stems from R.H. Good: Rev. Mod. Phys. 27, 187 (1955). 
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Now let us prove the fundamental theorem for Dirac matrices: 
(1) For all [4 but the Il there exists a Ig with 


ipa =f, . (4) 


We will specify for every fy a corresponding Is: 


Beleales | 4/5 [67 1-8 19 104 Ti 1203) 14: | 1s 

Se 2) 2 la Fear 22 er iso ae (5) 
One verifies easily by explicit calculation that (4) holds. 
(2) The traces of all Ts (A = 2,..., 16) are zero. From (2) and (4) 

—tr (L4) = tr (fg lyfe) Stree.) = +tr (Ly) 


(3) The I's are linearly independent. From 


16 
So as Ty, =0 follows 


A=1 
a,=0 (A=1,...,16) , (6) 
because if we multiply the sum by ee 
aplt+ Sali ls ='9 (7) 
A#B 
and 
dap +S aatr(fyfy) =0 . (8) 
A#B 


Equation (1) implies that [,/% = const Ic, ice. by means of the algebra a product 
of two matrices of (1) can be expressed in terms of another such matrix. In the case 
where A + B then ['¢ + Il; therefore the sum in (8) vanishes and consequently 
ag = 0. This conclusion is valid for all B = 1,..., 16. The linear independence of 
the matrices [, is most important and will frequently be used in the following 


(4) Each 4 x 4 matrix can be expanded in terms of the ie 
16 
R= domly . (9) 
A=1 


This is evident since the 16 linearly independent fy generate a 16-dimensional 
space, that is the space of the 4 x 4 matrices. Then 
xg =itr(fsx) . (10) 


(5) Each 4 x 4 matrix which commutes with all Ty is a multiple of 1 (Schur’s 
Lemma). Consider the matrix ¥, 
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K=xele+ do xly , (11) 
AZB 


where we have singled out a particular matrix I's on which we shall focus our 
attention. We will show that xg = 0. With respect to (4) we first choose if c such 
that if fulfills 


fclefo=-fy , (12) 
and, since ¥ commutes with all I, and therefore also with Ie, 


x=Tekhe 


=> xelet+ So wal =xelclsfe + So xalchale ; (13) 
A#B A#C 
xply +S) xaly = —xely + So (4)xal ; (14) 
A#B A#B 


due to the fact that [ and /, commute or anticommute. Next we multiply with 
I, take the trace and obtain 


Xp= XR. (15) 
Thus, xg = 0 as claimed. 


(6) If 7, and yj, are two representations of the Dirac algebra and eel % are the 
corresponding 16-dimensional bases, then 


MS Se, . (16) 
where 
16 
S=)_ I3F Ip (17) 
B=1 


with an arbitrary 4 x 4 matrix F. To understand this, consider the matrix 
16 
{Sie ala | (18) 
a= 
According to (1) we have i = eclv with €c € {+1, +i}. For fixed A, if B 
runs from 1 to 16 then C takes all values from 1 to 16. This is so, since otherwise 
we would have 


farsi =eclr 
and 
Pols = 6cLc (Lp # fs) 7 (19) 


leading to ie =sele = = (Ec /6c )fp, which contradicts the linear independence 
of the /. Since the rg are constructed from the yj, in the same way as the Py 
from the y,, we also have the relation 
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= ec ls (20) Exercise 3.1. 
with the same éc. Inverting (20) yields 
it —te (21) 
and substituting (21) into (18) then gives 
; a ee a ; 
fish, = a zofeFecle = » Fro =$ , (22) 


thus proving the relation (16). 


(7) The matrix F can be chosen such that § does not vanish. If § = 0 did hold for 
all F, then by a special choice of F such that a single element has the value 1, 
all the remaining elements being set to zero (i.e. F,, = 1, all other Fag = 0), we 
could infer from (17) that 


16 
ts p= 0 : (23) 
ex 


which must hold for all v, 0, due to the arbitrary choice of F. From the relations 
(23) for the various combinations v, o we infer the matrix equation 


16 
> Cee (24) 
el 


Since [? = 1, the ce )wv Cannot vanish simultaneously, so that (24) is in contra- 
diction to the linear independence of the J/g. 


(8) The matrix F can be chosen such that § is not singular. To prove this lemma, 
we construct 


T=) FGF, (25) 


which:arbitrary G, specified below. In analogy to point 6 we can show that 

= 5. (26) 
which, together with (16) leads to 

PIs=ThS=TSl, , (27) 
i.c. (7§) commutes with all Ty, and is therefore, according to point 5, a multiple 
of the unit matrix 

PS VO (28) 


Here we choose G such that 7 # 0 (cf. point 7). This enables us to choose F 
in (17) such that K # 0. This is so because the assumption K = 0 for all F would, 
with respect to (28) and (17), result in 
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Exercise 3.1. me Se 
iA a (Oo (29) 


16 

(*f%),, (fe),,=09 ot (30) 
a 
16 . . 
> (7Ts),, fe =0 . (31) 
B=1 


The (7 [%),,, do not vanish simultaneously since 7 # 0 and {I} contain the unit 
matrix 1. Consequently this yields a contradiction to the linear independence of 
the Iz. Thus S is not singular, and 


aD = SyS on &) 
completing part (i) of the proof. 
(ii) Now we will show that in case of 

i. =—Ch a Se (33) 
5 can be chosen as a unitary operator. To see this let 


Ge Van eeadety — i, (34) 


V=(detS)'S . (35) 


Except for an arbitrary factor +1, +i, due to det V = det(+V) = det(+iV) = 1, 
the matrix V is completely determined. To assume in contrast to this that 


aM = Yay! = Vor! , (36) 
would lead to 
VV oi “Van V; GMD) 
and, with respect to point above, Vv, (VY =k - ll; hence 
Vi=k¥. , k=tl Hi. (38) 
Therefore, taking the Hermitian conjugate of (34), we obtain 
ait Age 
WE oe! (39) 
and, by means of (33), 
A —!1 A 
= 0") aaa (40) 


i.e. (V')~! likewise fulfills (35) as does V. From (38), it follows that 
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(vty = eimn/2yy aes evimn/2y -1 (41) 
viv = e imn/2 k (42) 


Since the diagonal elements of the product of a matrix and its Hermitian conjugated 
counterpart have the form 


(919), = (M1), %),=ovyiw (43) 
jj j 


and V; Vj; is positive definite and real, the factor e~imn/2 in (42) must be positive 


definite and real too, implying m = 0. Hence, 
Vave— i (44) 
which was to be proven. 


We will now explicitly construct the transformation between w(x) and w'(x’). 
This transformation is required to be linear, since both the Dirac equation as well 
as the Lorentz transformation (3.1) are linear in the space-time coordinates. Hence 
it must have the form 


bx) = o' Gx) = S@vea) =S@d (a 'x’) , (3.27) 


where & denotes the matrix of the Lorentz transformation a7 of (3.1) and $(4) is a 
4 x 4 matrix which is a function of the parameters of the Lorentz transformation 4 
and operates upon the four components of the bispinor #(x). Through @ it depends 
on the relative velocities and spatial orientations of the observers A and B. The 
principle of relativity, stating the invariance of physical laws for all inertial systems, 
implies the existence of the inverse operator 5—1(@) that enables the observer A to 
construct his wave function w(x) from the w’(x’) of observer B. Therefore, it must 
hold that 


bx) = Say") = S-"@v' Gx). (3.28a) 
Because of (3.27) we can also write 

W(x) = § (4-") wr’) = § (47!) W's) (3.28b) 
and, comparing with (3.28a), we find 

gray (ar =) (3.29) 


Our aim is to construct § fulfilling (3.27-29). Starting from the Dirac equation 
(3.16) of the observer A, Le. 


Ox 


(ites ~ moe) wir) — 0 


and expressing (x) by means of (3.28a) yields 


Exercise 3.1. 
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A fa) ; ~~ 
(insane = moc") v(x’) =0 
Ox 
Multiplication with $ (a) from the left and using 5(4)S—1(a@) = Il then gives 
A A fa) 
(inSanns-@oe = mec oe ) =e (3.30) 


With regard to (3.1) we transform 0/0x*" to the coordinates of the system B, 


0 On 0 i) 


_—_—_-—- = Oe -- ———- — id — 3.31 
Ox! Oxh Ox 7 baw ? a) 
so that (3.30) becomes 
a 0 
ih (S(@)y"S—!(@)a’,) ——— — moc] WX’) =0 . (3.32) 


Sake 


This has to be identical with the Dirac equation (3.25), since form invariance of 
the equations of motion is required, i.e. S(@) must have the property 


S@yrS "@a", = 7" (3.33) 
or equivalently 
S@y’"'S'@=a,"7" . (3.34) 


This is the fundamental relation determining the operator S$: To find § means solv- 
ing (3.34) which holds for discrete as well as continuous Lorentz transformations 
since the above deduction does not depend on deta,” = +1. Once we have shown 
that there exists a solution § (@) of (3.34) and have found it, we will have proven 
the covariance of the Dirac equation. We may already now specify more precisely 
the definition of a spinor which, we have previously introduced somewhat inaccu- 
rately as a four-component column vector: In general, a wave function is termed a 
four-component Lorentz spinor if it transforms according to (3.27) by means of the 
fundamental relation (3.34). Such a four-component spinor is also frequently called 
a bispinor, since it consists of two two-component spinors, known to us from the 
Pauli equation.’ 

In determining $ (4) we expect to deal with novel features which are not present 
in ordinary tensor calculus, since bilinear forms of 1, e.g. the current four-vector 
of (2.18) 


{co,j*} with g=v'p and j*=plotp ; k=1,2,3 , 


have to transform like four-vectors; we will now discuss these properties. As we 
have already learned,° in general it is simplest to generate a continuous group 


* See W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994), 

> See W. Greiner, B. Miiller: Quantum Mechanics — Symmetries, 2nd ed. (Springer, Berlin, 
Heidelberg 1994). 


3.1 Formulation of Covariance (Form Invariance) 139 
ee NE RR ee acai oie 


transformation by constructing the group operators for infinitesimal transforma- 
tions and then composing operators for finite rotations, translations, etc., by con- 
necting the infinitesimal operators in series. Following the same pattern in our case 
of Lorentz transformations, we first construct the operator § (4). for infinitesimal 
proper Lorentz transformations given by 


a”, = 6) + Aw”, (3735) 
with 
Aw’? =—-Awt’ ., (3.36a) 


The antisymmetric form (3.36) follows from (3.4) by neglecting quadratic terms 
[of the order (Aw)?]: 


Gan = Os, — (68 + Aw") (67 + Aw,,7) 
~ O76. + 65 Aa? + 6, Awe, = 6,4 Awy? + Aw’, . (3.36b) 
Hence, 
Awe Aw =O , of 9" (Aw,? +407,) =0= Awl? + An 


Consequently, there are six independent non-vanishing parameters Aw”. Each 
of these group-parameters (rotation angle in the four-dimensional Minkowski 
space) generates an infinitesimal Lorentz transformation. We will now give two 
examples pointing out the physical significance of the Aw*”: 


@ aw’ =A ==Ags0 , all other Aw” =0 
This implies that 

Aw, = Jig Aw? = gi Aw"? Se Ay? = -Ap = 4 Aw”! = Aw! = —Aw, == « 
and 

Aw;! = 9;,Aw?! =0 forall i=1,2,3 
According to (3.1) we then find 

(x')’ = (5% Je Aw" 575), a Aw? 59 5},) xt 

= (5% — AB 5) — AB655,) x", (3.37a) 

or, explicitly, 

(x)? = x° — Afx! =x° - ae! , 

a A0x” x = 4 aS 


Ce, 
a (3.37b) 


Therefore the inertial system (’) of the observer B moves along the positive Al vaKis 


relative to the system of observer A according to 
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Fig.3.3. The x’ system 
moves relative to the x sys- 
tem with velocity Av = cAB 


Fig. 3.4, An infinitesimal ro- 
tation of the coordinate sys- 
tem around the z axis 


1 Av 
(x =04 5 =— = 48 
Xx 6 


This means that case (a) describes an (infinitesimal) Lorentz transformation for a 
motion parallel to the x’ axis with a velocity Av = Ac, (see Fig. 3.3). 


zr a5 


(b) Awl =—Aw'* = Aw = Ay , allother Aw” =0 
According to (3.1) 

CG’) = [o + 576, Ay oo 67 6,(—Ay)| x (3.38a) 
or explicitly 

easy = x? ‘ 

Gy =x" Agx* , 

Gy = Agra . 

Cp =aee ; (3.38b) 
Clearly this transformation generates an infinitesimal rotation about the z axis by 
an angle Ay (Fig. 3.4). For finite rotations it would read 

(x’)! =x! cosy4+x’siny 

x’ =—x'sing+x7cosy . (3.38c) 


3.2 Construction of the S Operator 
for Infinitesimal Lorentz Transformations 


We now return to our original aim of determining the operator $(@) = §(Aw”), 
by expanding S in powers of Aw” and keeping only the linear terms of the 
infinitesimal generators Aw”; hence we write 


S$ (Awt’) =1- Ow Luh ; 
“lAuiY) = V4 sb Au” » (Gu =p). (3.39) 


The factors i/4 in the second term of the rhs are chosen such that the six coefficients 
G,, can be expressed in a convenient form, as will become clear later. Each of the 
six coefficients Gy, is a 4 x 4 matrix, which is indicated by the operator sign ~! Of 
course, the same holds for the operator S$ and the unit matrix 1. By finding the G,,, 
we can determine the operator §. The second relation (3.39) results from (3.29), 
which means that the inverse operator is obtained by substituting An, = =A 


Inserting (3.39) and (3.35) into (3.34) which determines §, we find 
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Vv i ~ i 
(6",, + Aw,”) 4 = (1 - 209°? | id (1 + j2a9A0** 
or, omitting the quadratic terms in Aw”, 
v i 5 . 
Aw," = = Aw” (Gae7" —7’Gap) - (3.40) 


Taking into account the antisymmetry (3.36) Aw” = —Aw”, the lhs of (3.40) 
becomes 


i . = 
— 7 aw? (Gaey” —%+7 Gap) = 9 Aw, 4 = Aw, oes 
= Aw” (9’ 7°) = Aw (9” ave) 
= $ Aw (9’ a7 — 9" 8 Ya) 
= —, Aw? (9’ a7 — 9” aa) 
Hence, we end up with the relation 
—2i (g’ ae — 9° pa) = [G08,7"]_ - (3.41) 
The problem of constructing § according to the fundamental relation (3.34) 
is now reduced to that of determining the six matrices Gg. Since Gag has to be 


antisymmetric in both indices, @ and {, it is natural to try an antisymmetric product 
of two matrices: 


Gap = 5 [Yarra]. - (3.42) 


This form fulfills the requirement (3.41), which will be proven in the following 
exercise by taking into consideration the commutation relations (3.11). 


I RODS) Zl _—— Es 


3.2 Proof of the Coefficients 6. for the Infinitesimal Lorentz Transformation 
Problem. Prove that the Gag = ilYa, ¥e]_/2 fulfill (3.41), 

[7”, Gag]_ = +2i (9’ a1 — 9” 8'Ya) 
Solution. Inserting the expression for Gj, in (3.41), we get 


Ly", Gae]_ = : Ly, [yes ¥el-]_ = 5 4 Ls Yara) _ — [7,780] _} 


By means of the algebra (3.11) it then follows that 


[y”) Fae] _ = : {2 fy’, 7e10)_ ~ 2 fy’, 9a0}_} =i fy’, 7] 
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Furthermore we have 
i [ys Yee] _ = i {7 Ya ~ 29" Ba + Ya” V8} 
= i {710° — 29" aa + 29" a8 — 1’ Yaa} 
= 2i(g’aa—9" Ia) 
which is the required form. 


According to (3.39), the operator S(Aw”) for infinitesimal proper Lorentz 
transformations is now 


m i 1 
§ (AH) = A 28 Awt = 145 fy n)_ Aw (3.43) 


The next step is to construct $(4) for finite proper Lorentz transformations by 
successive application of the infinitesimal operators (3.43). To construct the finite 
Lorentz transformation of (3.1) from the infinitesimal one (3.35), we write 


Aw", = Aw (in) (3.44) 


Here Aw is an infinitesimal parameter of the Lorentz group [infinitesimal (gen- 
eralized) rotation angle] around an axis in the n direction. Cae is the 4 x 4 
matrix (in space and time) for a unit Lorentz rotation around the n axis. For the 
Lorentz rotation (3.37), which — as we already know — corresponds to a Lorentz 
transformation along the x axis with velocity Av = cA{, we find 


aY, = 6) + Aw", = 6% + Aw (i,)" , = 6% — AB (675) Pareto) 
With Aw = Ap, 


0 -1 0 0 
ee J a —1 0 0 0 
(ie) p= — (+, =| 5 gq ail > (3.46) 
0 0 0 0 
that only the matrix elements 
eer eal 2 \0l ult 
(i) 1=(k) o= -(h) =+(4) = -1 
are different from zero. Besides, we can easily calculate the relations 
0 -1 0 0 0 -1 0 0 Il 0 0 0 
Gye on =1 0 0 O \euOr 1 ome 
2 se 0 0° 00 0 00 07) 10 050Ra 
0 0 0 0 0 0 ‘00 0 0 0 0 
and 
L-0 O50 0 -1 0 0 
77> 1 0 0 Oeu 0 0 0 70 
G0 0Fg > oO 70 
0 -1 0 0 
i! 00 0) _; 
= 0 0 oot (3.47) 
0 0 0 0 


3.3 Finite Proper Lorentz Transformations 
3.3 Finite Proper Lorentz Transformations 


E bbe algebraic properties (3.47) for 7, are of value, because we can use them, 
following (3.1) and (3.45), to construct the finite proper Lorentz transformations. 
Indeed we get by successive application of the infinitesimal Lorentz transformations 
x’ = lim (14+ =i 1 (1 by) i vy 
( ) N—-o00 N* yy ye) ee 


lim (onl x! 
m 


— co 


(The last summation index vy of the matrix multiplication has been renamed yp in 
the last step.) 


a v 
= ic) be 
iv 


= (cosh(wi,) =e sinh(wi,)) - x" 
* 9 * \4 i : i 
- [2 , whe sala ee +...)| x 
i Le 


2! 4! 1! 3! 
= (a # dy i do? ie ) i (F i a i 2) A 
= [1 —()? + (coshw)(f,)? + (Sinhw)he]” x", (3.48) 
or, explicitly, 
raw coshw —sinhw O O\ /x® 
2 ay = ad aoe : ; e (3.49a) 
ee 0. 0 Onis Xe 


or 
x = x° coshw — x! sinhw = coshw(x° — x! tanhw) , 
1 — —x° sinhw +x! coshw =coshw(x! —x°tanhw) , 


= (3.49b) 


Now the finite Lorentz rotation angle w can easily be related to the relative velocity 
v, = cB, of both inertial systems. Let us observe the origin of the x’ system and 
its motion from the x system, 

x" = 0 =coshu(x! — x° tanhw) 
From this we can deduce the velocity of the x’ system along the x axis of the x 
system. 

x uy 

SS ann = 2 (3.50a) 

Ao Ch Oc 


and so by use of the relation cosh’ w — sinh? w = 1 we get 
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3. Lorentz Covariance of the Dirac Equation 


hw 1 1 
cosh =) ee (3.50b) 


V cosh? w — sinh? w _ V1 — tanh? w 7 V1-— 


so that (3.49b) results in the known Lorentz transformations 


yp Xo Bx! Aes ms — Bx° 12 P. () 3- (3.51) 
This procedure to construct Lorentz transformations can be generalized to motions 
in an arbitrary direction or to arbitrary spatial rotations. There exist six different 
matrices (generators) da)? . corresponding to the six independent Lorentz trans- 
formations. They represent the four-dimensional genralization of the generators 
of spatial rotations known from nonrelativistic quantum mechanics.° We refer to 
Chap. 16 for a deeper discussion of the group theoretical structure of the Lorentz 
transformations. 


3.4 The § Operator for Proper Lorentz Transformations 


Now we can construct the spinor transformation operator § (&) for a finite “rotation 
angle”. We start from the infinitesimal transformation (3.39) with the rotation angle 
(3.44) around the n axis and apply N of these infinitesimal transformations. 


: : N 
W(x!) = S@b(x) = lim (1 - aml” ) V(x) 
— oe G/4wE wv En” w(x). (352) 


In particular for the rotation (3.46) which corresponds to a Lorentz transformation 
along the x axis we get 


'(x") = exp {-/4w [Goh + Grote) ] } Wx) 
= exp {—(i/4)w [601(+1) + G10(—1)]} WO) 


= exp [—(i/2)won] bx), (3.53) 
because following (3.42) we have Go, = —&i9 and following (3.46), (f,)! = 1 and 
(i,)°! = —1. Analogously we can write for a rotation around the z axis of angle 


y (to avoid confusion we use the notation ie Nave for the Lorentz transformation 
into a moving system and /;,/5,/; for spatial rotations, according to (3.28) and 
(344), 


Aut, = Ag(h)’, , (3.54) 


where 


0 0 0 

Pe! iO al 

(b) n=16 1 0 (3.55) 
0 0 0 


Seay) & 


° See the discussion of angular momentum operators in W. Greiner, B. Miiller: Quantum 
Mechanics — Symmetries, 2nd ed. (Springer, Berlin, Heidelberg 1994). 


3.4 The § Operator for Proper Lorentz Transformations 


Thus only the elements (/3)'* = —(/,)?! are non-zero, in which case we get 
W(x’) = exp [—(/4) pb uv ()"”] vx) 
= exp [—(i/4)y (61203)? + 621 (5)')] vex) 
= exp [(i/4) (612(—1) + 621(+1))] o@) 
= exp [(i/2)p612] W(x) = exp [(i/2)~5"7] wax), (3.56) 


corresponding to (3.52). Using the explicit representations (3.13) we obtain, ac- 
cording to (3.42), 


india? «=O o 0 Fe 
=-3( 0 oe |= 0 poe ce, 


Here G' are the well-known 2 x 2 Pauli matrices, in particular 


ar 
> \ ms 


We recognize the similarly between the spinor transformation (3.56) and the 
rotation of the two-component Pauli spinor, 


yi(x')=e g(x) , (3.58) 


with which we are already acquainted.’ We can call the w“” the covariant angular 
variables, because they arise in a similar way as did the components of the axial 
rotation vector w for the spatial three-dimensional rotations. The existence of half- 
angles in the transformation law (3.56) is a result of the pecularity of the spinor- 
rotation laws. A spinor is first transformed into itself by a rotation of 47, not 27, as 
one might expect. Therefore, physically observable quantities have to be bilinear 
in the spinors 1(x)-in spinor theory (Dirac theory), and hence they have to be of 
even order in the fields w(x). Only in this case do observables become identical 
under a rotation of 27, a property of observables we know from experience. 

Following (3.52) and (3.56) the operator Spr for spatial rotations of spinors is 
given by 


Sey) = exp [-G/4)oyw"]  , if =1,2,3 . (3.59) 


(i/2)w > & 


Note that in the previous case’ we subsequently used active rotations, whereas for 
the Lorentz transformations we have used passive rotations. It is unitary, because 
the 6j (i,j = 1,2,3) are Hermitian and 


7 See W. Greiner, B. Miller: Quantum Mechanics — Symmetries, 2nd ed. (Springer, Berlin, 
Heidelberg 1994). 
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3. Lorentz Covariance of the Dirac Equation 


gi = exp |«i/4)3} wt| = = exp [G/M oyu ee = Sa : (3.60) 


For proper Lorentz transformations (e.g. transformation into a moving frame) this 
does not hold. For example, for a Lorentz transformation into a moving inertial 
system along the x axis (3.53) we find that 


cs — oe G/2wGn _ ot w/2)e1 _ $i ¢ sole (3.61) 


where we have followed from (3.42) 


do = Con = 170) = 5 (BBé — Ba, 8) 
= (Gi + &) = 1d; 
In Exercise 3.3 we shall prove that in this case 
S11, = 570 (3.62) 
holds and further that, because of 
bikes Se 


we can combine (3.60) and (3.62). Hence, for any Lorentz transformation (i.e. for 
proper Lorentz transformations and for spatial rotations) we can write 


SH aaStyy . (3.63) 


EXERC]SE 


3.3 Calculation of the Inverse Spinor Transformation Operators 


Problem. Show that for § = exp (—iwé,.(7,)#”) the inverse operator is given 
by: 


St =wSly . (1) 


Solution. We prove (1) separately for transformations on a moving coordinate 
system and for spatial rotations. 


(i) Spatial rotations. For spatial rotations the time coordinate remains unchanged. 
So the components /°, f° of the corresponding generators vanish identically. 
Thus we can write 


S$ =exp (- Za) : 
Ua i ya 
St = exp (Ge : af) = exp (Zw !ay | ; (2) 


because the Gj are Hermitian and 


3.5 The Four-Current Density 


Me sd i r 
2 haar 16m) — 7)'} = {y% -—VY}= Gy (3) 


According to (3.41) yo commutes with Gj and thus y commutes with St to 0. 
Hence we get 

yoStyy=St=S$-! (4) 
(ii) Transformation onto a moving coordinate system. First we rotate the coordinate 


system such that the boost coincides with the x direction. For this transformation 
we have 


S = exp (~360) 


[see (3.61)] and 


St = exp (5425, ] = €xp (~3160) = § : (5) 
because 

Oy = -3 {(y011)" — (170) } = Sono —%vN) = —Goi (6) 
From 


7 i i P - 
501 = 7 (10%71 — Y717o) = 3 (N%0% — Yov1¥0) = Giovo = —S017¥o ~=— (7) 


we get 


705'y0 = 0 y (- 500) | 01 yn (—fu20) Yo 
0 
1 eae ee 
_ by (-30 eo) ‘YoYo (Ltn) “Yo ++» Yo (~36a1 YO 


n-times 
[e.@) i n i 2 
— ae (+500) = exp (500) = e-1 (8) 


Thus (1) holds for all Lorentz transformations §. 


3.5 The Four-Current Density 
Next we prove the covariance of the continuity equation (2.16) and (2.17). Ac- 
cording to (2.18) the probability current density reads 
{i"} = (7°, 5} = {evld, cplay} = {eply?y*y} 
ie. 


julx) = cdl (x)yPy'bx) (3.64) 
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3. Lorentz Covariance of the Dirac Equation 


This current density transforms under the Lorentz transformation (3.1) as 
7G cy ye) 
= cp! (x)S ty? y"S or) 
= cyl (x)y°S~1y"S (x) [because of (3.63)] 
= ca" wl (x)y°y"v(x) [because of (3.33)] 
= ary) (3.65) 
and is such recognized as a four-vector. This is the reason for calling j*(x) the 


four-current density. The continuity equation (2.17) can now be written in Lorentz- 
invariant form 


Opa) 
Ox 
By this we have explicitly proven that the probability density 
j°(x) = co(x) = cy'¥@) 


transforms like the time component of a (conserved) four-vector. Thus an invariant 
probability is guaranteed, because it holds for the Lorentz system of observer A 


5 | ica’ =-0 3 [ices =] 


and for observer B 


ae fire d’x’ = 0 => [arenas = 1 


(3.66) 


Ot 
For further considerations it is useful to introduce the short-hand notation 
pay (3.67) 


for the combination w!y°, which occurs very often. w is called the adjoint spinor 
and is converted by Lorentz transformations as [using (3.63)] 


Be) = Vt") = (S¥@))' 7 = plasty? 
= Vays = vas a (3.68) 


3.6 Biographical Notes 


LORENTZ, Hendrik Antoon, Dutch physicist, * 18.7.1853 in Arnheim, + 4.2.1928 in Haar- 
lem. Professor at Leiden, founded in 1895 the theory of electrons, with which he explained 
the Zeeman effect as well as the rotation of the plane of polarization of light in a mag- 
netic field. He gave, furthermore, a first explanation of the results of the Michelson—Morley 
experiment (L. contraction) and established the Lorentz transformation. Together with P. 
Zeeman he was awarded the Nobel prize in physics in 1902. 


FEYNMAN, Richard Phillips, * 11.5.1918 in New York, + 15.2.1988 in Pasadena, professor 
at the California Institute of Technology in Pasadena. F. developed the Feynman graphs for 
the mathematical treatment of quantum field theory. In 1965 he was awarded the Nobel 
prize in physics (together with J. Schwinger and S. Tomonaga) for the development of the 
theory of quantum electrodynamics. 


4. Spinors Under Spatial Reflection 


Next we explore the improper Lorentz transformations of spatial reflections, which 
are given by 


i 
‘st , (4.1) 


with a corresponding transformation matrix 


1 0 G30 
ee Ua al UR. cue 
CS =H 1 0 1 ay) oa : (4.2) 


0 OO oO -!1 


In this case the Dirac equation should be covariant too, because (4.1) is just a 
special case of the general Lorentz transformation (3.1). All of our considerations 
from Chap.3 can therefore be used again here, except for those which are based 
on infinitesimal transformations. This is consequence of the fact that a spatial 
reflection cannot be generated by means of infinitesimal rotations acting on the 
identity element. Let us call the operator of the spinor transformation P (for parity). 
For § = P holds also the defining equation (3.34) which now reads with (4.2) as 


a= Py’ P-* or 
a? a” 4 a Pa’ yee 
3 
és oy = p Seo ie 
v=0 
— p-'y7P Sg ae. (4.3) 
Notice that on the rhs there is no summation over o, because conventionally sum- 


mation is only defined over identical indices occuring simultaneously as subscript 
and superscript in an expression. Equation (4.3) has the simple solution 


ee el? ; pa e ?+0 : (4.4) 


where for the time being y is an unobservable arbitrary phase. It can e.g. be 
chosen in the following way. In analogy to the proper Lorentz transformations for 
which a rotation of 47 reproduces the original spinor, we postulate that four space 
inversions will reproduce the spinor, 1.€. 


Pty _— ~ = eltP(yyty = ea) , (4.5) 
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This implies that 

(ey = 1 
and thus 

ef = ieee (4.6) 
The operator P given by (4.4) is unitary, 

Pe el, (4.7) 
and, as will be seen shortly, also fulfills 

p-' = +pt. (4.8) 
which is analogous to (3.63). We are now able to write down explicitly the trans- 
formation of the spinor under space inversion, [cf. (3.27)] 

V@')=V'@',0') = v'(-a,t) = Pb@) = eva, t) 

= Py(—ar!,t) (4.9) 


In the nonrelativistic limit 


V(x) = Ge , 


and thus ¢ is an eigenvector of P. For an electron at rest [see (2.71)], 

Py = ivy 

py = el? py 

py® = —eivy® 

py ® = -civy™ (4.10) 
Therefore the eigenfunctions of positive energy W") and ~® have a P eigenvalue 
(“inertial parity”) opposite to that of the states with negative energy w® and wy. 

Another improper transformation is time reversal but since this is more compli- 


cated we shall deal with it later, in Sect. 12.5. The parity of spinors is also discussed 
in Example 9.3 and is further illustrated in Sect. 12.5. 


5. Bilinear Covariants of the Dirac Spinors 


There must exist 16 linearly independent 4 x 4 matrices, which we denote by 
(i ae It turns out that one can construct 16 (a complete set) of these ps G= 


1,..., 16) from the Dirac matrices and their products. We write 
AS _ AV lca an eee 
r a } ie (@ 1 ’ Fi & Cuw = —Oup ’ 
Mey yy YY is = pad, = Note On 


Q) B ) 


and verify step by step the postulated properties of the [” as well as some extra 
ones (also cf. Example 3.1). First we shall prove that in (5.1) there are indeed 16 
matrices. This is easily done by adding the values written in brackets below the 
symbols. The upper indices of the matrices (“S”, “V”, “T”, “P”, and “‘A’”’) have the 
meaning “scalar”, “vector”, “tensor”, “pseudovector”, and “axial vector”, and 
these specifications will become clear in a following. Furthermore it holds that: 


(a) For each [” holds ([”)? = +1. We shall prove this for some of the fn. 


(fsy=1 , (PY) =(,) =k.» (5.2) 


due to the commutation relations (3.11), 


” “ ” tis 


(fT,)* = 62, = -lQyw- wy? 
etn Tee — Wn ea ee a) 
5 2a yee — py Ce) — 20)" Ow) 
len Wea) Ge | 
=} gu + Wp) — Arn)" 
= =F [4G uv) 1 — 49 9uu ll] 


QuvGuy.l for p#v 
0) for w = v. In this case 6,, = 0 


Similarly the conjecture is proven for the other matrices (5.1). 
(b) To each [™” except I'S there exists at least one corresponding r with 
‘ec ha (5.3) 
This is easily proved explicitly, e.g. 
1) SSS pa Shee) OO eae 277) 
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5. Bilinear Covariants of the Dirac Spinors 


since this corresponds to the commutation relation (3.11) 
AT . AT AV __AVAT 
pe ay! y = Lee 


because for each ps, v we have 
i i 
Ow Ip = 5 mW — Ww) Ye = 5M + 2p Iu + WWI — 2% Ip) 
i 
= 5 lw = wu) SS 7 hig 


This shows that the Ml "s correspond to the jo in the sense of relation (5.3), and 
vice versa, etc. For the other J” matrices one proves the relation (5.3) in a similar 
way. From (5.3) and (5.2) in particular, 


+f" = _ fim fon frm = BT gut 
and therefore calculating the trace yields [making use of tr(AB) = tr(BA)] 
fri") = we) eee ee) (5.4) 


Here we have a remarkable result: All [" matrices except PS have a vanishing 
trace; 


(c) For given 1 and f° (a F b) there exists a [” + LS with 
fefeapupr , (5:3) 


so defining f7, as a complex number. We check this property with some examples: 
For pw # v we have 


AV A Wy — Ww, 
a ere 


In this case the f factor is —i. As a second example we take a look at 


= 10,41 


; —1Yedua = igen 2 eo 
oy = ea ~~ ro) ide Oi = ine for =o , 
HPA wietyya,7 for eeer som | 


etc. It can easily be shown that (5.5) holds in each case. 
Now we show that the I"’s of (5.1) are linearly independent. For this purpose 
we suppose the existence of the relation 


Bo ee (5.6) 


and by multiplication with [" + PS we get 
O= L,a, te (I 2") =a, tr((P")?) ante Gee) len ora) 
Sveiie GAs) nade Ga 
ne ar 
=+1 (cf. (5.2)} =0 [ef. (5.4)] 
seas |, (S.7a) 
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Thus a, = 0 for all m # S, and in the case of /”" = ['S 


0-0 (Sa spe) = ds ay ce yo +30 a, a) (0g ete (5.7b) 


=4 rer 61) "7S a eee [cf. (5.4)] 


i.e. as = 0 also. Therefore all coefficients a, of (5.6) must vanish and the linear 
independence of the [”"’s is proved. Hence every 4 x 4 matrix can be expressed 
by the [”’s. 

We now turn to the behaviour of the bilinear expressions 


Pay) (5.8) 
under Lorentz transformations. For this purpose we need 
fest 59 = 0, (5.9) 


which may be easily verified and leads immediately to 


paneer a = 5 (Ys — Wy) — Ow — Ws) =O . (5.10) 


According to the proper Lorentz transformations (3.52) the spinors are transformed 
by the operator 


A i tt ey es 
S(@) = exp (- jet’) =7eXp (— 78th) ) Gall) 
Together with (5.10) we get directly 


[S@yy5| =0 . (e212) 


According to (4.9) the space inversion (improper Lorentz transformation) of the 
spinors is accomplished by the operator 


p=el?y? . (5.13) 
For this operator, by virtue of (5.9), 
Py, = —y5P or (5.14a) 
ays) =0. (5.14b) 
Now we consider bilinear quantities in ~ and 7 and can easily calculate that, e.g. 
BW!) = OPH’) = HOS! PS vo) 
= Pax)yS Sb) = ave) = Pee) - ——G.15) 


Thus the bilinear expression ~(x)wW(x) has the same value in every Lorentz frame. 
We therefore call 


Dx) = ve) FS yx) (5.16) 


a scalar under Lorentz transformations (or simply Lorentz scalar) and 1)(x)W(x) 
the scalar density. Similarly, in Exercise 5.1 we prove that 
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D (x'Yys'(x’) = Pw)S "458 v(x) = det(ayp(x)ys¥) (5.17a) 
is a pseudoscalar, 

By’ v'@') = a” wy" V(x) (5.17b) 
18 a vector, 

B (xy vr’) = det(a)a” bx )ys7"d@) (5.17c) 
is a pseudovector, and 

B(x ae" (x!) = ah ga” gip(x)d (x) (5.17d) 


is a tensor of second rank. The prefix “pseudo” in pseudoscalar indicates that this 
quantity transforms as a Lorentz scalar but reverses its sign under improper Lorentz 
transformations. The same holds for the pseudovector (5.17c). 


ie: | a 


5.1 Transformation Properties of Some Bilinear Expressions of Dirac Spinors 


Problem. Investigate the transformation properties of the following bilinear ex- 
pressions consisting of Dirac spinors: 


() vv , 2) dsb , 3) dud » @ drswd , (6) perry 


Solution. ~ changes to Sw under Lorentz transformations and wp to pS—! (since 
Siyo = yoS—'). It holds that §~'!y#5 = a#,y” and Sys = 758 det |a|. The latter 
relation is a useful summary of (5.12) and (5.14). Thus, 
(1) bp > pS-'Syp 
= wy (scalar) , 
(2) dish > PS y5S yp 
= det |a|S~'Sys~ 
= det |a|¢bysq (pseudoscalar), 
(3) Pyty PS y4Sy 
=a" py’ (vector) , 
(4) bysyty > PS! ysySb 
= det |albysS~!y4S yp 
= det |ala",wysy’w (pseudovector) , 
(5) perry > pS'6"’Sy 
PS! (HSS ly” — SSH) Sp 
p (a oyiaiaa” al tae yas 


=a" ,a”,wo®"y (second-rank tensor) 


5. Bilinear Covariants of the Dirac Spinors 
LANDS) (SS SEES 


5.2 Majorana Representation of the Dirac Equation 


Problem. Show that there exist four 4 x 4 matrices I, such that 


Re (I) 0 =). 
pepe = 29420; 


(iAL,O" — moc) p=0 , 
i.e., the Dirac equation is real in this representation. Here 0” = 0/Ox,,. 


Solution. From the common ¥,, matrices we know that they fulfill 


ef le 0 = OF 0; 
Vy) = oy ’ Vi = mF 0 ’ 


with 


and 
= i eae 
vd al 29 1 Y= > Y= 


We define 


f= wr = ( 2 ’ 
2 


and recognize immediately that these ign are purely imaginary matrices. On com- 
plex conjugation 


fh =ww=-we=-fo , 
Iv = -ino Ni = iN = fy , 
Ty =-i% = -fh, , 

fy = -inoys = D3 


since only 2 is imaginary. Now we check the anticommutation relations: 
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5. Bilinear Covariants of the Dirac Spinors 


Exercise 5.2. 


1 = (fb) =n 07 
SOGa— 1 

2go1 = 2910 = 0 = —i(y2N1 + 1172) 
—i [90)’ 921 + (90)° 172] 


—i(yo2¥o"N1 + Yo'1'¥072) 
= Poly ar fh i : 


900 


II 


2902 = 2920 = 0 = i(y2 — 2) = 102 + Y0Y270) 
=Pyfy+folr , 
2903 = 2930 =O=fofs+Psfo asfor gn , 
gi =-1 =o (ny = -wnN IN 
= (ipn) = cae 
292 =29n =O=Li,+ hI, , asfor go , 
293 =291 =0=Ff,+hsf, , asfor gio , 


92 = —-1= (in) = (ie 


2923 = 2932 =O=1203+1P3f, , asfor goo , 
ae) 
g3 =-1=(13) , asfor gu 


Thus we have proved all of the necessary properties of the iy matrices. This i 
representation of the Dirac algebra is called the Majorana representation. 


5.1 Biographical Notes 


MAJORANA, Ettore, * 05.08.1906 in Catania, dropped out of sight in 1938, went to 
the classical secondary school of Catania until the final examination in 1923. Afterwards 
he studied engineering sciences in Rome until the beginning of the last year of studies. 
1928 transfer to the physics faculty (own desire) and in 1929 Ph.D. in theoretical physics 
at Fermi’s. Title of the thesis: “Quantum Theory of Radioactive Atomic Nuclei’. In the 
subsequent years free-lance collaborator at the Institute of Physics in Rome. In 1933 he 
went to Germany (Leipzig) for some years and worked with Heisenberg. This resulted 
in a publication on nuclear theory [Z. Phys. 82, 137 (1933)]. In 1937 he published “The 
Symmetric Theory of Electron and Positron” and four years after his disappearence the 
“Significance of Statistical Laws for Physics and Social Sciences” was published. 


6. Another Way of Constructing Solutions 
of the Free Dirac Equation: 
Construction by Lorentz Transformations 


Our considerations in the last chapters showed that the free Dirac equation exhibits 
all of the properties of covariance. Moreover positive-energy solutions possess the 
correct behaviour in the nonrelativistic limit. We consider now the solutions of the 
free Dirac equation with a new approach better suited to the covariant formulation 
and, later on, for the field-theoretical apllications. Let us return to the solutions 
(2.71) of the free electron in its rest frame. We denote them in a more compact 
form: 


op =w"(O)eiereme’/P pp 1234 , - (6.1) 
where 
eestor 7 — 1,72 
Se a fom 3.4 .. (o) 


The x dependence of the spinors ~” in (6.1) reduces to a simple time dependence. 
There is no space dependence because the wavefunction is smeared out homoge- 
neously in the whole of space. We also have 


1 0 0 0 

i x 0 2 a 1 3 = 0 4 0 
HO=10}, 2O=| 6]. eM=(F], “@=| 5]. 63 

0 0 0 1 


The first and the second solutions 7)'(x) and w(x) have positive energy and cor- 
respond to the spin degrees of freedom of the Schrédinger—Pauli electron. For the 
solutions ~>(x) and w*(x) with negative energy we must still find a reasonable 
interpretation. All of the ~’(x) of (6.1) are also eigenfunctions of 


fn e, 0 
3 = 612 = é e (6.4) 
[cf. (3.57)] with the eigenvalues +1: 
Syp"(x) = (ADV) , (6.5) 


where the eigenvalues 
+] are validfor r=1,3 and —1 arevalidfor r=2,4 


Earlier [cf. (2.34)] we directly obtained the free solutions for finite momentum 
(finite velocity) by solving the free Dirac equation. Now we follow a different 
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Fig.6.1. In the x't’ system 
the electron moves with the 
velocity +¥v. In the xt system 
the four-momentum is p”; in 
the x’t’ system it is p’” 


light cone 


future cone 


Fig. 6.2. The four-momentum 
of a free particle always lies 
within the light cone in mo- 
mentum space 
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path: By transforming to a coordinate system which moves with the velocity — v 
relative to the rest system, the free wave functions of the electron with velocity +v 
are constructed from the wave functions (6.1) of the electron at rest (see Fig. 6.1). 
For this purpose we write first the exponent of the rest solution (6.1) in invariant 
form: 


7 ier(moc? /h)t an eer (Pyx"h) vas ew ierx'* A) (6.6) 


eer; rest system 


Hi z= 
\ electron at rest 
where 
x'# =atyx” | p'# = a4, p” =atop® =a“omoc , 
2 
moc 
p” ={moc,0} = { - o} : (6.7) 


The primed quantities are valid in the moving reference system, the unprimed in the 
rest system of the electron. The zero-component of the four-momentum is always 


given by 
=+,/p?+mic?>0 . (6.8) 


Next we remark that the solutions for positive and negative energy transform sep- 
arately under proper Lorentz transformations and also under space inversion. This 
means that the solutions for positive and negative energy are not mixed under 
these transformations. One recognizes this from (6.6): The four-momentum of the 
free particle p“p,, = mc? > 0 is always timelike. Therefore, for free particles 
p* lies within the light cone in momentum space (Fig. 6.2). Under proper Lorentz 
transformation and also under space inversion (but not under time inversion), the 
future and past cones (i.e. the vectors with p® > 0 and p® < 0, respectively), and 
with them the solutions for positive and negative energy, remain strictly separated 
from each other. 
We transform the spinors w’ according to (3.61) with the operator 


po = 


a | ty 


a 


— e iva /2 (6.9) 


if, for convenience, we choose the velocity parallel to the x axis. According to 
(3.50a), 


v 
— = tanhw 
C 


Since in our case v, should be negative (the moving inertial system has the velocity 
v = —v,é, in the rest system), this relation is now 
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Ux 
—] Stanhw , (6.10a) 


= =U f UNS -1 (Ux 
w = tanh ( : ) = —tanh ( ~ ) (6.10b) 
Therefore (3.49b) and (3.51) now read as 


x” =coshw (x° —tanhwx') = con (x°+ <=") 


Ji-# c 
x! = coshw (x! — tanhwx°) = eo (x! + =x) (6.11) 
J1- c 
and the operator (6.9), with Go. = 3001 — Nn) = inn = —i7’y! = 
~—iy°y "a; = —id, becomes 


§ = emi@/D8a — g-w/D& 


1 (: - (—w/2)ay n (—w/2)?(aiP rr (—w/2)? (G19 i = 


il ADI 3! 
7 (w/2)*  w/2)* w/2  w/2) . 
=(14 20 OMe... itl = a 31 +... Q 
= Icosh = — Ay sinh = : (6.12) 


Here we used a? = 1, according to (2.8). Now the spinor transformation (3.53) 
can be applied directly to the w’(0) from (6.1) to obtain 


w" (py) = e7i/2F 014" (0) = (cosh > — & sinh =) w" (0) 


ji 0 0 ~— tanh F 
W 0 1 — tanh 0 , 
= cosh 5 0 noes w 1 0 a (0) 2a (6.13) 
— tanh * 0 0 1 


Because the w’(0) have the simple form (6.3), the rth column of this transfor- 
mation matrix (6.13) is identical to the spinor w’(p). More precisely, 


1 0 
1 a Ww 0 2 = ce 1 
a (Px) = cosh 9 0 ’ wW (Px) = cosh a) — tanh = ’ 
— tanh = 0 
0 — tanh o 
a w wy) 0 
w° (px) = cosh = s 21, w' (px) = Cosi a 0 (6.14) 
0 1 


To return to physical quantities, we convert the rotation angle w with the aid of 
(6.10), 


coshx sinh2x = }sinh2x , 
coshx coshx = }(cosh2x+1) , 
sinhx sinhx = $(cosh 2x = 1)", (6.15) 


Was, 
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and therefore 
sinh 2x tanh 2x 


INS. = ——aaes SS 6.16 
ae Coshax +1 1+ 1/cosh2x cm 
Since 
Sune = tanhy, = Veosh’ x — 1 then” “coshx = es 
coshx ~ coshx ~~ af | nox 
and hence (6.16) becomes 
Sh eee (6.17) 
1b 4/ 1 — tanh’ 2x 
With (6.10) we may now calculate 
ee — tanhw 7 vz /c 
2  44Vi-tanh?w 14+ 71-(,/c? 
= [moc?/V/1 = (ux/c)?ex/c) _ __ Pre (6.18) 
[mgc?//1 — (x /eP 1+ J1—@/e?]  E+moc® 
and 
coc) (a 
\/ 1 — [tanh? w/(1 + V1 — tanh? w)?] 
_ i 
1 — [(vx/eP/(1+ V1 — @ Je) ] 
sy i Gia 
1+ 2/1 — (u/c)? + (1 — (eu /c)?) — (u/c)? 
a Ay Ales (vu, /c)? 
V24/1 — (u/c? + /1 — @,/c? 
= {(1/ 1— (v, /c)?) + 1] moc? 
V2y/1 + [1//1 — (x /c)?] moc? 
E + moc? E + moc? 
(6.19) 


- VJ moc? + Ex/2mpgc? 7 2moc? 


Hence by (6.18) and (6.19), the transformation (6.13) can be expressed completely 
by physical observables (E, p,, moc”) and reads 


. E + moc? 
we) = omaeae 

1 0 0 Ex€ 

E+ moc? 
0 i = 
x oe + 0s w'(0) . (6.20) 
0 i 
E + moc? 
ee 0 0 1 


6.1 Plane Waves in Arbitrary Directions 
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6.1 Plane Waves in Arbitrary Directions 
The result (6.20) can be generalized to plane waves with velocity uv in arbitrary 
directions. We write 

v=vun=v{cosa,cosf,cosy}_ ; (6.21) 


thus n is the unit vector which specifies the direction of motion of the moving 
inertial system with respect to the rest system of the electron. Then according to 
(3.44) the “rotation angles” are 


0 —cosa —cos@ —cosy 
Ae ee en ee 8 e : (6.22) 
ee us —cos 8 0 0 0 ; 
— cosy 0 0 0 

and with that, according to (3.45), the infinitesimal Lorentz transformation reads 

Silla ys ee ale A (6.23) 
or, in expanded form, 

x = x° — Awcosax! — Awcos Bx? — Awcosyx? , 

x" =-—Awcosax® +x! , 

vce gras” 

x? =—Awcosyx° +x. (6.24) 


Since a! = 0 = {x",x/”,x’} characterizes the origin of the moving inertial 
system, it follows immediately that it moves with 


x! x* x 


Ay = {Av,, Aw, Av} =e ‘a <0 =} = cAw {cos a, cos B, cos y} (6.25) 
relative to the rest coordinate system. From (6.24) easily follows the former special 
case of motion along the x axis if we set cosa = 1, cos@ = 0, cosy = 0. Just 
as simply, one obtains the movements along the y and z axes for cosa = 0, 
cos 3 = 1, cosy = 0 and cosa = 0, cos § = 0, cosy = 1, respectively, both of 
which are also contained in (6.24). Thus from (6.22) follows the coefficient matrix 


belonging to the direction of motion n. 


0 —cosa@ -—cosf —cosy 

ee a COs 0 0 0 
Un) p = ed 0 0 0 (6.26) 

— cosy 0 0 0 
Setting Aw = w/N we get, in complete analogy to (3.52), 

: N 
iS Tapas ae a 1W, 7 \pv 
Pe) = S(Q)b@) = im: (1 AN uv Un) ) V(x) 
= exp (—iwoy(fn)Y”/4) va); (6.27a) 


thus 
§(@) = exp (—iwoyrn)"”/4) (6.27b) 
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The expression in the exponent reads 
Gun” = 2 (Grbn)” + Gorin)” + G03En)”) 


which can be converted by use of (6.26) and g!! = g?? = g*? = —1 into 


Guv(inY” = 2 (G1 cos a + G02 cos 3 + Go3 cos Y) = —2i& - ~ (6.28) 
Here we have made use of 
= = {cos a, cos 3, cos 7} 
along with v = |v| and 
doi = 0, = 5 (007 =o) = i707 
= 9 o gu = —iy?y! = —in’ Gs = -id:- (6.29) 


With this the spinor transformation (6.27b) for Lorentz transformations to inertial 
systems with direction of velocity v/v now becomes 
§(-v) = § (-2) = ee w/2)&-v/v 
E 
1 Pze p—c 
E+moc2 E+mpoc? 
jDarG 


—DzC 

E + moc2 0 I 2 e 5} 

a ee E+moc? E+moc 
2moc2 Pz p—c 1 0 


E+moc* E+moc? 


pe apc 6 
E> moc? E+ moc 
= [w'(p),w(p),w*(p),w(p)] (6.30) 


Here we have set pi = p, + ipy, and the last line indicates that the individual 
column vectors of the S(—v) matrix are identical with w’(p). We will calculate the 
final step of (6.30) in Exercise 6.1. 


EXERCISE 


6.1 Calculation of the Spinor Transformation Operator in Matrix Form 


Problem. Calculate explicitly the spinor transformation operator 


S(-v) = eo W/2)&+ v/v 
in matrix form. 


Solution. We expand $§ in a series 


mn yy : 1 w? 
Sena = eee 


ae 
2p tag ee ee (1) 


6 
and use 
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(G-v) = AA yy = Py py vy = —7' Py, 
= 4 (any + foto) = -} (20) 


bail (2) 
This yields 
E lw? sv\2 1 w* pvy4 
seu= {ret yA) 
Sie {+55 i a : 
aQ-v an aea len 
v 2G 8 Xv _ 
= Teosh =~ = = sinh = | (3) 
The matrix &- v/v has the form 
sy sy a Fe a 
v v v 
1 —1 
_ Ps 1. |, ivy 
D 1 ale 
| an 2 1 
1 
Be - 
well... 
—] : 
Pz Pp- 
El A ee (4) 
P Pz Pp- : 
P+ —Pz 


where p+ = px + ipy. 
With the help of (6.19) for cosh(w/2), we obtain from (3) that 


1 


x E+moc? |. ' 
8-0) =f aS 
5 eI 
: : Pz P- 
[E + moc? tanhw/2 | . . Pe Pz 
a 2moc2 Pp Pz p- 


P+ —Pz 
1 0 Pze p-c 
E+moc2 E +moc? 
0 1 P+e —Pz€ 
_ E+ moc? E+ moc2 E+ moc? (5) 
Vi geae |eeeoe 2 Se I 0 
E+moc? E+ moc? 
p+e —P2e . ; 


E+moc2 E + moc? 
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Exercise 6.1. 


6. Solutions of the Free Dirac Equation: Construction by Lorentz Transformations 


According to (6.18), 


Ww pe 
_— h —- = ; 6 
= 2 E+moc? a 


taking into account that in (6.18) p was substituted by p,, because there we only 
considered motion in the x direction. Hence the matrices in (5) can be summarized 
by the expression (6.30). 


EXERC(Sl 


6.2 Calculation of the Spinor u(p + q) by Means of a Lorentz Transformation 
from the Spinor u(p) of a Free Particle 


Problem. Given a free-particle spinor u(p), express u(p + q) by u(p) for g, — 0, 
pq — 0 by means of a Lorentz transformation. 


Solution. The solution of the Dirac equation for a free particle with momentum p 
reads as 


Va) =ulcpye?* . (1) 
If we transform into a system x’, which moves with the velocity w = —q/m in 
the system chosen in (1), the particle (in system x’) has the momentum p + q, and 
Vix) = up tgyeteto~ (2) 


Because of the invariance of the scalar product p - x, 


geet a) (3) 
From (3.52) we obtain the transformation of (x) into the moving system 

Wat) = exp (—Zud pelt”) va) (4) 
By inserting (1) and (2) into (4) we get the general result 

u(p + q) = exp (jo 0ft"’ u(p) . (5) 
For q, — 0 the exponential function can be expanded; 

exp (—jw8uft”) #1 tub plh © 


If we choose the coordinate system in (1) with q pointing in the x direction and 
with pg = 0, (6) can be simplified as 


i me iW 
exp (~300) S| 9 701 ’ (7) 
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where the connection between w and q = (0, qx, 0,0) is Exercise 6.2. 
v Ix 
tanhw = — = —~— ~ : 
c mc 8) 


Therefore one obtains 


u(p +q) = (1 - ane) u(p) 


+ (70 — wn) ue) 
So ae 
oi th} baw) 


ee 


Oe) =a _ slp) 
(9) 


( Q ; 
el 
fas ui(p) - ane? 


6.2 The General Form of the Free Solutions and Their Properties 


From our previous considerations (6.1), (6.6) and (6.30), the general free solution 
must have the form 


OD ala ek ae (6.31) 


In the above, due to (6.3) and (6.30), the spinor w’(p) is identical to the row r of 
the matrix (6.30), because 


w"(p) =§ (=) w'(0) . (6.32) 


However, we must take note of the fact that this result holds for the special repre- 
sentation of the y matrices (3.13) only. The spinors w’ (p) satisfy 


(p' —e-mocw’(p)=0 , (6.33a) 
w’(p)\q —€-moc)=0 , (6.33b) 


which are very useful later on. The first one is obvious and directly follows with 
(6.1) from (3.9) and the covariance of the Dirac equation. It represents the Dirac 
equation of a free particle in momentum space. We have €, = +1 for r = 1,2 
and therefore (6.33a) reads (gf — moc)w’(p) = 0. These are the solutions with 
positive energy. As already mentioned w!(p) and w*(p) are given by the two first 
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rows of (6.30). Furthermore, we see directly that in the nonrelativistic limit of 
the representation of (6.30) the lower components of w'(p) and w*(p) become 
small; in the limit of the electron being at rest they finally change to the first two 
solutions (6.3). Similar considerations apply for the solutions of negative energy 
(€, = —1, r = 3,4). According to (6.30) and (6.3) we have to exchange the large 
components with the small ones in this case. Equation (6.33b) follows from (6.33a) 
by Hermitian conjugation, 
[(@ — €,moc)w (p)|' =0=a'!(p) (p — e,mgc)' 
= w'l(p) (ft — €,moc) 
= w"!(p) (pay! — a) 
= w"!(p) (poy? — pey* — €rmoc) 
Note that the p, are real numbers (p i = p,), and in the last line (3.12a) was used, 
ie. y°t = 7° and y*t + —y*. Multiplication with 7° from the right yields 
wl (p) (puy"t — €,moc) yo = 0 = w'l (p)y? (poy? + pry — Ermoc) 
= ©" (p) (pyy" — €-moc) 
= '(p) (# — €-moc) 


We name (6.33b) the adjoint wave equation because it is valid for the adjoint 
spinor &’ (p) = w"!(p)yo. With the help of the explicit representation of the w’(p) 
in (6.30) we can now compute the normalization condition (see Exercise 6.3), 


wo" (p)w" (p) = Srip (6.34) 


Then, in Exercise 6.4, we will prove the validity of 


/ E 
w"'(e,p)w" (E-/p) = 5 rr! : : (6.35) 
moc 


TOL) a a ti I EL 


6.3 Normalization of the Spinor w’ (p) 


Problem. Prove explicitly the normalization condition 


w (pw (p) = Orr Er 


for the spinors given in (6.30). 


Solution. From these equations we get 
1 


Pe | E + moc? 
1 Z moc 
Ww = ——— = Saas 
(P) E + moc? 2moc? 
P+e 
E + moc? 
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: Exercise 6.3. 
wa) alee i 2 (See ms 
E + moc 2moc? 
—Pz€ 
E+ moc? 
Pz 
E + moc2 
ee | 2 ee E + moc? 
oP) = | Ee moe? | |! mot 
1 
0 
ane 
E + moc? 
4 —Pz€ E + moc? 
OP rage” Vl aac? 
0 


1 
Now we take, say, the product w't (p)w!(p). Note, that ps ae 
1 


0 
2 
=il 1 a pe lus ee E + moc Pze 
wW (p)w (p) = (1.0, E + moc?’ E a 2moc2 E + moc? 
P+e 
E + moc? 
Eero ie Sees } 
~— 2moc? (E +moc?)? (E+ moc”)? 
np (pz + Py tz) ce 
~ Amoc?2 (E + moc?) 
1 1 2 2 ie aay) 
ee DEC ine — pC 
Qmoc2 E + moc? { Y : } 
il 


Se SO eee +2m2c* 
Imoc2(E + moc?) { ° } 


QE + moc*)moc? 


a = 01 
Qmoc2(E + moc”) ae 
Next we calculate 
Pz 
E + moc? 
E + moc? p+e pzc ed eee 
=) Bik = eee sy Sei 
ae?) — 2moc2 (0.1, E ao? BE pc) E ee 
0 
_ Etmoc? {pre _ ip } 
~ Ome? \E+moc? E+ moc? 


= 0 = 673€2 
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Exercise 6.3. The third example we give is 
pac 
E + moc? 
E + moc? pe —prC —pz€ 
oe tp) = | ee 5 eG) 
a 2moc2 (5 + moc?’ E+ moc?’ ’ E oe 


= l 2 
~ Fee ge) 


1 2) 2 2 2 Ps 
= See Ee —E — 2Empoc — moc’} 


= — || = 644€4 


+ pe +p?) c? — (E + moc?)’} 


All other combinations can be calculated in the same way. However, there is a 
more elegant procedure available: @’(p)w’ (p) is a Lorentz scalar (cf. Exercise 
5.1), and hence 


wD (p)w" (p) = B" (O)w" (0) = wt (0)Yw" (0) = Ser, 
which we see at once because of (6.3). But note: The probability density w"' (p)w" (p) 


is not Lorentz invariant. This quantity is only the fourth component of the four- 
vector. 


PST Te) lt nme 
6.4 Proof of the Relation w’!(e,p)w" (€,p) = 67 (E / moc?) 
Problem. Show with the help of (6.30) that the following relation holds: 

wt (e,-p)w" (Ep) = bry! — 


Solution. Again we calculate some examples 
(alee ler = I: 


] 


(: 0. Pee pc ) E + moc? oe 
"E+ moc2’ E + moc? 2moc2 E + moc? 
P+e 
E + moc? 
_ E+moc? (pz + py +p?) c? 
moc? (E + moc?)? 
: E + moc? ((E + moc”)? + p’c?) 
~ Imoc2 (E + moc?) 
2E” + 2moc?E E 


a 2mpc2(E + moc?) - moc2 |! 
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(Dc a: 
ee a 
E + moc? 
onptienentea) tase (BE 
"E+ moc?’ E + moc? 2moc2 E + moc? 
] 
0 
_ E+moec? Pee, Pe 2 
2moc2 E+moc2?  E+mpoc? 
(Cy =e — 4: 
__ P= 
E + moc? 
ee pec E + moc? ze Pze 
E+moc2’? E+moc2’’ 2moc2 E pee 


_ E+ moc? (Prt Py tpz)e | 
2moc2 (E + moc?) 
1 


~ Imoc2(E + moc?) \P 


E 
= 5 544 
Moc 


7c + B® + 2Empc? + ae 


The remaining combinations can be calculated similarly. 
Ve Eicam  =  S 


The factor 
E __ moc? ie 1 
moc2 — A/Al — G2 moc? 7 WA — 32 
appearing in (6.35) just cancels the Lorentz contraction of the volume element in 
the direction of motion 


V! = Ax’ Ay’Az’ = Axv/1 — BPAyAz = AV 1 — & 
Consequently the probability in the volume AV’ becomes invariant, i.e. 
w" t(pw" (p)AV! = wt Be One 
————_ 1-B?AV=1-AV . (6.36) 
Pei — 3 
We expect this property to hold for a proper normalization. Let us clearly point out 
the difference between the orthogonalization relations (6.34) and (6.35): In (6.34) 
the spinor w” (p) is orthogonal to the adjoint spinor &"(p) with the same momentum 


argument. On the other hand, for instance in (6.35), the spinor w’ (Epp) with 
positive energy (r’ = 1,2) is orthogonal to the Hermitian conjugate spinor w'T(e,p) 
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(r = 3,4) belonging to negative energy and the reverse momentum argument. 
When considering the latter property we have to bear in mind that the sign of 
the momentum dependent term in the plane wave factor is also reversed for the 
negative energy solutions. Therefore two plane Dirac waves with the same spatial 
momentum p but opposite energy are orthogonal. This follows simply from the 
definition of the plane Dirac waves given in (6.6), (6.13) and (6.33) [compare also 
with (6.31)], 


: ; ; ore 
w(x) = w’ (p) eerPuxh /h at w" (p) eer? /hetierp a/h 


Po = +4/p? + mgc? > 0 


Accordingly, we have, for a wave with r = 1,2, the energy E = +4/p* + méc? = 
poc and momentum +p, 


ph?(x) x w!2(9) @ iPox? /Rgip-x/h = wh2(p)@— Pax /h (6.37a) 


and for one with r = 3,4, the energy E = —,/p? + mc” = —poc and momentum 
+p 


W(x) = w4(—p)e tivo /Aeip-2/h — 4 3:4(_p) etipor’/Re--Pp-2/M) (6 37h) 


Clearly we learn that both waves have the same momentum p (the same factor 
eiPt/") but the opposite energy (e~?" /" and etirx"/*, respectively). Hence the 
spinors w!:?(p) belong to positive energy and momentum +p, whereas w*4(—p) 
correspond to negative energy and the same momentum +p. These spinors are 
orthogonal according to (6.35), and thus (6.37) holds. In fact, the relation (6.35) 
is required to ensure that any two plane waves wr, (x) and w(x) are orthogonal in 
the sense of the following scalar product: 


Wylie) = f Bx uptarigen (6.38) 
Inserting the plane wave spinors of (6.31) we obtain 
(Wr ldp) = f xe" eo! w! py exp [=i (e:pux/R— ev-phx"/R)] 
= w" t(p’)w" (p) exp [=i (erpox°/h — €-pox?x°/h) | 
x (208° (e-p'/h—e-p/h) . (6.39) 


The integration over the spatial coordinates has led to a delta function containing 
the momentum vectors p and p’. Thus the scalar product vanishes unless p’ = +p 
(if the energies have equal sign) or unless p’ = —p (for opposite signs of the 
energy, €," # —é,). This is just the condition for which the orthogonality relation 
of the unit spinors w’ (6.35) applies! Thus we obtain for any two plane waves 


r Wpr E ! 
(wl) = mee em © ((p'—p)/A) bn. (6.40) 


Up to a normalization factor this is just the orthogonality property one would expect 
for plane wave states. 
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17] 


The closure relation is important too: 


4 
S¢ ew (p\D4(p) = bap - (6.41) 


c— 


Here the sum extends over all four spinors, taking from the first one only the 
component a and from the second adjoint one solely the component (. Therefore, 
the closure relation (6.39) expresses a kind of row orthonormality of the matrix 
(6.30). Due to (6.13), in the rest frame (p = 0) of the electron clearly 


4 
S 5 e-w,(0)i74(0) = ba (6.42) 


| 


is valid. For this reason (6.41) can be traced back to (6.42). Indeed with the help 
of (6.32) we can calculate it directly: 


Yenc = Ds (-2) w! (OD, (OSC (-2) 
= D8 (-2) 89 (-2) Demian 
7A aaa 
= So Sey (-F) S54 (-B) oo 
yA 
Pp 


(6.43) 


| 

jo) 
Q 
@Q 


= € P\ 6-1 = 
= Yi Ser (-F) 83 (-§) 
5 
where in the first line we have used the relation 
Sloss 7S —149 (6.44) 


from (3.63). This is again the reason why the adjoint spinor &” = w’'yo appears 
in the closure relation (6.41), but not the Hermitian conjugate w’'. It is in accor- 
dance with the fact that the Lorentz transformation of the spinors is not unitary as 
expressed in (6.44). 
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6.5 Independence of the Closure Relation from the Representation 
of the Dirac Spinors 


Problem. Show that the relation (6.41) 


4 
So rw (p)Wp(P) = Sap 


i 


is independent of the special representation from the Dirac spinors. 


Ge 


Exercise 6.5. 


6. Solutions of the Free Dirac Equation: Construction by Lorentz Transformations 


Solution. Let another representation cu = U yO ~! of the Dirac algebra (Ot = 
U-') be given, and let v’(0) denote the spinors of the free particles at rest, con- 
structed accordingly. We will prove that from (6.41) it follows that 


So ev (p)0g(P) = bap - (1) 


As seen previously [see (6.43)], one can show that (1) is equivalent to 
S| €-v5(0)06(0) = bap; | (2) 


and therefore we prove (2). 
With the change of the representation 7, = Uy,U~', the spinors become 
v' (0) = Uw’ (0). Hence we have 


Doers = Deru (Tw = er Doarss (Ow), 


Leaf 
= Eee avyWy wiht! 40) g es Ey Um (w" Myo) 5 (Us oP 
r7,6 
= = ErW, Moy, UUs ea = = anos se 


ry7,6 
=) CO ree 
5 


which is the form required. 
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6.6 Proof of Another Closure Relation for Dirac Spinors 


Problem. Prove directly the closure relation 


ar (pw (Erp) = —s6ae - (1) 


rl 


Solution. We use the equation 


w'(e,p) = § (- 


rp r 
Pwo , 2) 


insert the expression for § given by 


an { Erp W €EA°p ..w 
§ (- ) = tcoh h~ 
E cosh = aie sinh 5 


z Ww Qi Pi 
= Ilcosh ae » ae sinh 5 =~ (3) 


and use this to transform (1) into 


6.2 The General Form of the Free Solutions and Their Properties 
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a= S- wh (erp)w (erp) 


= =) (sos (3 =) 6 Ci) ys =e sinh = )o o 


r,7,6 i 
pt 
rt WwW Er (Gi; )eaPi . » W 
x [. (0) (co (5) 668 — D er i sinh 5 (4) 
The matrices &; are Hermitian [a! = G;] and by explicit multiplication we get 


wW ie r 
A = cosh” =} | wi,(0)w/s (0) 


— cosh > sinh = 3 [See W (0) (0) ae Epw, (0)w Oe 
r,i,y,6 
: WwW F 
+ sinh? 5 = w Ow sO Pi; Jay (Gpoa (5) 
rit ,7,6 


In the last term we have used 


& +p & +p Dili. che 
— r _— r — =a rf a 7 . 6 
. Pp ie | : r I, py p? & Gi )o ( 
For the w’(0) 
you" (0) = €,w" (0) (7a) 
> SO o)orw(0) = €-w5, (0) (7b) 


is valid; hence, 
wl (0) = 0" (0)y0 = €,0"(0) . (8) 
Therefore (5) turns out to be 


2W r — . WwW WwW 
cosh 5 2, E,W (0)a7,(0) — sinh 3 cosh zy 


2 SS [Sear w! (0) (0) +? * (Oy (0) CSAP: a 
r,t,y,6 
=B 
+ sink? = 3 Enel (OO) GiaviGnse (9) 


irfia) pyne 


Because of the closure relation (6.41) one can sum over r in the first and the last 
sum to obtain 


A = cosh? (=) 6 — sinh (5) cosh (5) B 
+ sinh? (=) ¥° So idan Gi oe (10) 


iy, 


Exercise 6.6. 
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Exercise 6.6. ' According to Exercise 6.1, (2) one has 
> PiPi (Giay(Q% yp = 20/8 €;6j)ap = P'up 
A 


and consequently (10) changes to 


A = cosh (=) ae + sinh? (F ) bap — B sinh ( ) cosh ($ ) 
Bs 


=i (2t? (2) ~1)~ in (2) at (2 


5 — B sinh (=) cosh G) (11) 


To finish the proof, we need to show that B vanishes. With the help of (7a) and 
(9) this term reads 


B= Sy |[PmP som + wom) S282" | 


r,i,y,6 


a SS < ek Whe? €,w", (0)i0"3(0) ae €-w’, (0) (0) ne vote) 


M: 


. [irae + O04i)eg] 3 (12) 


{ 


where again we have used (6.41). But now it holds that @;7¥ = —yo@; and conse- 
quently (12) vanishes. Hence we have in fact: 


E 
Sy wh (Er-p)w' (Er) = age 
In Ee  _e 


6.3 Polarized Electrons in Relativistic Theory 


Electrons at rest are described by the spinors (6.3) and (6.13). These electrons are 
polarized in the z direction. For example, the spinor 


0 
w= | 6 

0 
0 
describes an electron at rest with spin projection —h/2 on the z direction. If the 
rotation operator [(3.56), (3.57)] 


Sp = elPh8/2 (6.45) 


6.3 Polarized Electrons in Relativistic Theory LS 
nn ee eS eet 


where s is the unit vector along the rotation axis, acts on the states (6.3), one will 
obtain states which are — according to s —polarized in any arbitrary direction. A 
state (spinor) w, which is polarized in the direction s is an eigenstate of the spin 
operator § - s in this direction: 


8. ow = Su 


or, with § = 43/2, 
Saw =W . (6.46) 


Our next task is to turn this equation into a covariant form. This means we are 
searching for the generalization of a (three-)spin vector into a (four-)spin vector. 
First we note: 


- (6 0 
#=(0 3) 


contains the Pauli matrices & in the main diagonal; thus the form of the 4-spinor 
equation (6.46) will be similar to the 2-component Pauli theory. In the relativistic 
theory one commonly uses a different notation. The spinor of a (free) solution 
of the Dirac equation with positive energy, momentum p" and spin vector s* is 
denoted by 


u(p,s) 
Hence u(p,s) satisfies the equation 
(Pf — moc)agug(p,s)=0 . (6.47) 


Now we have to clarify the meaning of a four-spin vector s”. To do this we start 
with the polarization vector s in the rest system, which is a unit vector (s- s = 1), 
and write 


(s”)r.s. = (S" Dest sytem = (0,8) . (6.48) 


In an arbitrary inertial system we can get the four-spinor s” by a Lorentz transfor- 
mation of (s”)p.s, from the rest sytem: 


Sh CS, eee (6.49) 


The a”, are the coefficients of the Lorentz transformation from the moving system 
to the rest sytem. Hence it also holds, e.g. for the momentum, that 


p*=a",(e")rs. , where (6.50) 
(p” rs. = (moc, 0, 0, 0) : (6.51) 


Because of the Lorentz invariance of the four-dimensional scalar product it now 
follows immediately that 


sus? = (S,)rs(srs. = —3-s=—1 (6.52) 


and 
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p’sy = (P”)rs.(Su)r.s. = (moc, 0, 0, 0) - =0 . (6:53) 


In the rest system u satisfies (6.46), and hence 


ES -su(D)rs..(syrs.) =U(Mrs.(rs.) - (6.54) 


In the moving system we obtain u(p,s) from u ((p)rs.,(S)r.s.) by the Lorentz 
transformation $(4) for spinors. Let us consider a solution u(p, s) of the free Dirac 
equation for negative energy. Because of (6.33a) it satisfies 


(Pg +moc)u(p,s)=0 . (6:55) 


We require that the solution u(p,s) has the polarization —s in the rest sytem, i.e. 
in the rest system 


¥- sv((p)rs.,(s)rs.) = —v(@)rs.,(rs.) (6.56) 


is valid. The minus sign on the rhs, which on first sight seems to be paradoxical, is 
remarkable. Later we will interpret this within the hole theory. The spinors w’ (p), 
which arise from the rest spinors (6.13) obviously fulfill the demands (6.54) and 
(6.56), if we define s = e, and use the following relations: 


u(p,uz) =w'(p) , (p,m) =wip) , 
u(p,—uz)=w'(p) , v(p,—-u) = w"(p) . (6.57) 


There uy is that four-vector in the moving system which arises from the Lorentz 
transformation of the unit vector uw, in the z direction, which is defined in the rest 
system by 


{uy), . =, uz) =(©,0,0,1) . (6.58) 


One may wonder why the spin projection (6.56) for electrons with negative energy 
is defined with the opposite sign. The reason for this becomes obvious later when 
we interpret an electron with negative energy, momentum —p and spin direction 
minus = | as a positron with positive energy, momentum +p and spin direc- 
tion plus = 7 . Then the relations given in (6.56) and (6.57) can be understood 
in the positron language! The spinor v ((p)r.s., (S)r.s.) describes a positron with 
the opposite spin to that which might first seem to be the case (in the “electron 
language”). We note that, according to this, an arbitrary spinor is characterized by 
its momentum p,, the sign of the energy and the polarization (s“)p.s. in the rest 
system. [See the last part of Chap. 7 and also Chap. 12 (Hole Theory). ] 


7. Projection Operators for Energy and Spin 


In practical calculations of quantum electrodynamic (QED) processes we will be- 
come acquainted with a technique of calculation which allows the simple treatment 
of complicated expressions; especially the calculation of traces of products of many 
Y matrices. It is based on a projection procedure, i.e. a method to project a spinor 
with a given sign of energy and fixed polarization out of a general wave function or 
a wave packet. The appropriate operators which achieve this are called projection 
operators. In the nonrelativistic case, say, 
be, 
2 

is a projection operator for spin up (+) or down (—). Acting on an arbitrary state 
P.. just takes out the corresponding parts. Now we want to generalize this concept 
to the relativistic case and to search for four operators which project those four 
independent parts belonging to positive or negative energy with spin up or spin 
down, and with the same momentum p, out of an arbitrary free solution of the 
Dirac equation (i.e. out of a plane wave with momentum p). The four projection 
operators are denoted by P,(p). They should, of course, be in covariant form so 
that they can be given in any Lorentz system (by transformation) in an easy way. 
We denote those four projectors explicitly as 


P,(p) = P(py, uz; €) 


They should obey the conditions 


ji (7.1) 


P.(pyw" (p) = 6p" (p) and (7.2) 


P,(p)P,(p) = SP (p) (7.3) 


Both equations show the projection properties of P,(p) very clearly. If we now 
recall (6.334), i.e. 


(yf — E,moc)w" (p) = 0 = (ep via moc )w" (p) ’ (7.4) 


we at once find the projection operator for eigenstates with positive or negative 
energy: 


Ap) =o (7.5) 


Indeed, with the help of (7.4) we find 
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Ermtmoc ,,. _ 2moc ,, 16 
2moc OND lyme 7 al S20) 


A(p)w" (p) = 


and furthermore because of 


1 
BP = We WPEP” = su + WIn)PUPY = JuvPUPY = Po =~ — 


) 
mc’ + 2p? ae 
— @ = — Moc 5 
then 
ee (e-p + moc\(Er A + moc) 
er 
_ Ere PY + mpc? + (€, + €-)mocp 
7 Amc? 
= mec*(1 + €,E-) + mocH (Er + Er’) 
_ 4m}c? 
Dees 
_ mgc*(i + €-£,) + moepe, (1 + €e,") 
7 Am} c? 
(l+é-er) (Gmc+ep) (1 +2,6,") - 
ia VR0G es Sri, Ata | Ta 
Obviously all the operators (7.5) decompose into only two types, namely those 
with €, = +1 (which we call A) and the ones with «, = —1 (which we call A_): 
a +p + moc 
Ax) = *# (7.8) 
Moc 


Notice that y is written here, and not #/. Hence the momentum (with real numbers 
, as components) and not the momentum operator occurs in the projector (7.8). We 
may present the relations (7.7) more transparently by writing explicitly 


Ge (ia... 


(Sy) (si) =e). 
(c) A, A_ =0 , and also 
(@) A,+A_=1 (7.9) 


These are the typical properties an energy projection operator must have. Besides, 
the expression (7.5) is also covariant, so that all required conditions are fulfilled. 

Now we consider the spin—projection operator. Again we consider the rest 
frame, where the spin can be easily described. We already know from (7.1) that 
in this case the projection operator for “spin up” or “spin down” is given in the 
nonrelativistic limit by 


1+63 
2 
If we define the spin-projection operator with respect to an arbitrary axis given by 


the unit vector u (u- uw = 1) in a nonrelativistic theory, then (7.1) is generalized 
to 


pee 
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PQ) = ———  . (7.10) 


It is obvious that with u, = (0,0,+1), the special case (7.1) is contained within 
the general expression (7.10). But this is still nonrelativistic. In the Dirac theory 
we need the relativistic covariant generalization of the operators (7.1) or (7.10). 
For that purpose we make use of the four-component vector 


uy (7.11) 
which is given in the rest system of the electron by 
(uz) as, = (0,0,0, 1) = (0, uz) (7.12) 


[cf. (6.58)]. Thus, by Lorentz transformation into arbitrary inertial systems it fol- 
lows that 


2 = uu )es oe 
With (7.12) we can write the spin-projection operator in the rest system, which is 
now extended to the fourth dimension and labelled by X(u,). This generalization is 
achieved by first denoting d(u2) where u; is the third component of wu, of (7.12): 


u 


£(u3) = Da Sy Peeaayae ire 10 _ | aed ye oo aie 
This is because (4, )r.s. = (uy W)r.s. = (u2)r.s.¥3 and therefore 
573 (Uz Jes Yo = 15130 = i171 
= —I79y! 4? B43 7? = +iy 7 
Se 
| 
: . Wer 6: GO 6 
= inca 1 2 
eet: =i e (§: ay 
_. { —G162 0 i) Cae ee 
= 0 ate ae , (7.15) 


and! 6; Gj; = i€yx6,% + 6. Now the question arises how to generalize (7.14) to a 
covariant form. The factor Yo is disturbing, while ys#, is a covariant expression. 
In the rest frame the effect of yo on the rest spinors w’(0) is given solely by the 
factor +1. For the spinors w!:?(0) we can therefore easily omit Yo in (7.14). If we 
do the same for the spionors w*4(0), the effet in the rest frame is 


1+75 (#2)p 1+75 (#2), 5 1° 


x (u;) we) = ; S. w>*(0) = 5 w*(0) 
Bee _¥§ 
= bays as 70 3:40) - | = w?4(0) 
_ f0-w(0) 116 
s { ee (7.16) 


! See W. Greiner: Quantum Mechanics ~ An Introduction, 3rd ed. (Springer, Berlin, Hei- 
delberg 1994), Exercise 13.2. 
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This would be exactly opposite to what we may naively expect. Analogously, one 
easily verifies that 


5 (-u3) w™4(0) = { ee ' Gin 


Now we see that the covariant spin-projection operator 
A 1 
SG a (7.18) 


satisfies the following relations in the rest system [denoting i ((uz)R.s.) = D(uz)(0)]: 
Hu, )(O)w' (0) = w'(0) ,  L(—uz)Ow'(0) = 0 , 


Suz )(O)w(0) = 0, S(—u,)(0)w?(0) = w*(0)_, 
S(uz)(0)w7°(0) =0 , S(—uz)(0)w3(0) = w3(0)_, 
Lu,)(0)w*(0) = w4(0) , F(—u,)Ow*0)=0 , (7.19a) 


which we can rewrite with the help of the definitions (6.57): 
S(uz)(O)u(O, uz) =u(O,u,) , L(—u,)\O)uO,u,)=0 , 


T(uz(0)u(O,—u,)=0 , 3(—u,)(0)u(0, —u,) = u(O, uz), 
E(u; )(0)v(0, -u,) =0 , 3(—u,)(0)v(0, —u,) = v(0,—uz) , 
Z(uz)(0)v(0, uz) = v(0, uz) , L(—u,)(0)v(0,u,)=0 . (7.19b) 


Notice, the operator Sue) should not be confused with the operator =! Because 
(7.18) is covariant, these relations are also valid in a moving system in which the 
spinors are given by u(p,u;)...: 


Du, wg) =a(ppe,) 
Suz )u(p, uz) = vp, uz), 
E(—uz uP, uz) = 2(—uz)v(p, uz) =O. (7.20) 


The covariant generalization (7.18) of the nonrelativistic spin-projection operator 
(7.14) corresponds naturally to the convention, given by (6.56) and (6.57). Therein 
the spin projections of negative-energy states are contragredient (i.e. opposite) to 
those of normal “states” of positive energy [see (6.54) and (6.56)]. The positron 
interpretation of the hole theory, which we have already preliminary considered 
in (6.57), comes up here in a natural way through the covariant spin-projection 
operator. Furthermore, we generalize the spin-projection operator (7.18) for an 
arbitrary spin vector s” with s’p,, = 0 [see (6.52) and (5.53)]: 

S(s) = oe (7.21) 
Because of the covariance, it follows that as a generalization of (7.20) the u(p,s) 
and u(p,s) obey the relations [see (6.48)-(6.57)] 


L(s)u(p,s) =ulp,s) , 
S(s)u(p,s) =v(p,s) , 
X(-s)u(p,s) = 2(—s)v(p,s) =0 (7.22) 


7.1 Simultaneous Projections of Energy and Spin 
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7.1 Simultaneous Projections of Energy and Spin 


With the projection operators A (p) for the energy and 3(s) for the spin we can 
easily construct projectors for energy and spin. As we already know, the motion 
of a free particle is completely determined by 

the fourmomentum p, , 

the sign of the energy € , 


and the polarization s’ , 


with s*p,, = 0. Therefore the energy-—spin projectors 


Pip) =Ap@mLZu,) , P,(p) = A, @)S(-u,) , 
P3(p)= A_@)ZL(-u,) , Pap) =A_@)Z(,) , (7.23) 
which are composed of (7.8) and (7.18), determine the free Dirac waves, these 


being projected out of superposed wave functions (wave packets). The order of the 
energy and spin projection in (7.23) does not matter because 


[2(s), 4z@)]_=0 , . (7.24) 


as s*p,, = 0 is valid. This is easy to verify, because the commutator (7.24) is 
equivalent to the commutator 


sy | =O, (7.25) 


which we immediately prove: 


BYsf = Ppl PY sv = iy yyy" sve 


Pea ae a eT) yt Wace ase) 


Here g’’supy = s*py, = Ss +p. = 0 according to (6.53). Because of (7.2), (7.6) and 
(7.20) or (7.19a), we easily confirm that the defining equations (7.2), i.e. 


P,(p)w" (p) = Srv" (p) (7.26) 


are fulfilled! 

In the following” we will appreciate the usefulness of these projection operators, 
which at first seem to be a little artificial. With their help we will often perform 
practical calculations, without explicit use of matrices and free spinors. Indeed, 
we will see that an explicit calculation, component by component, can be replaced 
by a rather elegant one through the use of the projectors. 

According to (6.31) the general free solution was given by 


w(x) = w" (p) eerPux” /h 


For r = 1,2 these are free waves of positive energy (€,po = po) and momentum 
piv'?(x) = piv'(x). For r = 3,4 these waves have nagative energy (€,~po = —Po) 
and the eigenvalues of the momentum operators are 


? See in particular W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, 
Berlin, Heidelberg 1994). 
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Pix) = e3,api (x) = —pi*(x) 


that is, they are negative (—p;). We call w~*4(x) “spinors with negative energy”. 
They describe antiparticles of positive energy and positive momentum p;. This 
striking redefinition of plane waves with negative energy has already occured for 
the spin [see discussion following (6.57)]. To this end the eigenvalues of the mo- 
mentum and spin operators agree with the momentum or spin direction of the 
waves of positive energy. For waves with negative energy we define it the other 
way round. In other words: a particle with negative energy and momentum eigen- 
value —p; has momentum + ;, and a particle with spin eigenvalue —u, has the spin 
+u,. This seemingly strange definition has a deeper reason: in the framework of the 
hole theory, which will follow soon, we interpret an electron with negative energy, 
momentum —p; and spin —u, as a positron (i.e. the antiparticle of the electron) 
with positive energy, momentum +p; and spin u,. This occurs as a natural result. 
Thus we hold on to our definition. Accordingly ~*4(x) is an electron wave func- 
tion with negative energy, negative momentum and negative spin projection [see 
(7.19a)] or — and this is the physically correct description — a positron with positive 
energy, positive momentum and positive spin projection. For the later property the 
redefinition (6.57) is necessary, which means the change of r = 3,4 @ r = 4,3. 


8. Wave Packets of Plane Dirac Waves 


Already in Sect.2.3 we dealt with the single particle aspects of Dirac waves. 
In order to gain a deeper understanding and a possible interpretation of the free 
solutions, we study wave packets. These are superpositions of plane waves which 
yield localized wave functions in space time. Since the Dirac equation is a linear 
wave equation, the wave packets are also solutions of the free Dirac equation, 
which is just the superposition principle. A wave packet of plane waves with 
positive energy has the form 


d?p moc2 ae OTF 
et) = Mis 2b. sue, et te (8.1) 
Vv 20rh 


The amplitudes b(p,s) determine the admixture of the plane waves u(p,s) - 
e—'Ppux"/P to the wave packet. The “(+)” indicates that a superposition of only 
positive-energy plane waves is taken. Normalizing to unity implies 


yh wa, pa, t)d?x +1 = aif &p / apy Se 


Sehr eK 
x 4) moe | OE pt(p, sb, Ut(p, sup! s!)erHer-mOH/™ 
eim—p')-2/h 
V2nhivanh! Vin Vin 
ea Pp’) 


a moc? t 1 t 
= fer ME Hle.mo.s) —wle.suo,s’) 


acd 8,1 (E/moc?) because of (6.35) 


=f ep S_ btm, 5)b(p, 5) 
zee 

=f &rYbe.sy? +1 (8.2) 
355 


The factor 
: : 0 
7 cal ww Oe ee 
exp (— jr» Po)x ) ek ( =e ) : ) 


is equal to 1 because of 
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E = cv/p? + moc? = cv/p? + mc? = E' 


utilizing the property of 6(p — p’). The next step is to find the current of such a 
packet, given the velocity operator c&; thus we obtain 


jv a | VMteayO Px. (8.3) 


In the calculation of this expression (shown in Examples 8.1 and 8.2), we will 
learn a new and elegant mathematical technique, i.e. the Gordon decomposition. 
The result is 


pic? ay 
io = fer y |b(p, 8)" = ar = (Ug i), - (8.4) 


Because of the normalization (8.2), in the second step we have written yg 
as an expectation value with respect to the wave packet of positive energy and 
labelled this ( );. In this way the mean current of an arbitrary wave packet of 
plane waves of positive energy is equal to the expectation value of the classical 
group velocity Ug = c*p/E. This corresponds to the Ehrenfest theorem of the 
Schrodinger theory and agrees with our earlier considerations (2.62) and (2.67), 
where we restricted ourselves to the even part of the velocity operator to get the 
same result. Obviously the restriction to the even part of an operator is equivalent 
to the restriction to those wave packets which are constructed from one sort of 
solution (of positive or negative energy) only. 


EXERC]SEK 2 


8.1 The Gordon Decomposition 


w, and 7 are considered to be two arbitrary solutions of the free Dirac equation, 
that is 


( — moc) yy =0 , 
(# — moc)» =0 , 


The second set of equations holds for the adjoint spinors, as will be proven below. 
Then 


and (1) 


— ] = i me 
ey = 5, [bab — (p"be) hi] - Tab (0,641) (2) 


is valid. We prove this with the help of the relation 
dy = Onan 0, = Gibig ae 


I 1 
7 aybs) 5 (yy ye) rie — yy) \ 
es 
Pgh ee — 


—ieny 


=a,b" —ia"b’éy, , (3) 
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which is valid for two arbitrary four-vectors a” and b¥. Furthermore, we introduce Exercise 8.1. 
the definition 


OB =6.0)" , (4) 


which means that the momentum operator acts to the left onto the function 7(x). 
Because of (1) we obtain 


0=B,(- HF —moc)dni+ Dd (P — moc) . (5) 


This happens because the terms on the rhs are zero [according to (1)]. In particular 
the first term on the rhs can be rewritten as 


(—Bupry” 7 moc) dw 


That it vanishes is obvious from the fourth equation (1). Let us deduce this from the 
second equation (1). It follows by multiplication with yp and Hermitian conjugation, 
that 


t EW 
((# — moc)y2) =0= ph (yt Bh, — moc)" 
= +pvlyttyt — moep} yt 


= Buby ty — mocdz yt (6) 
Because of y't = —7', y°t = 7°, we can write 
tee ey yy ot aly = Pq" (7) 


and for (6) we achieve 

— purblpPy" — mocp}y 

Som = of oe 
= 0 = —pybyy" — moc, = $,(-— Hf — mpc) . (8) 
Thus we have proven (5), from which we can furthermore conclude that 
=z = fie “oF 
0 = —2mochody + v.[d# -— H4d\v 
ie mis na : TAty A ay aay VA 

—2mocprdvi + bh. [a¥ pe —ia" p°Gy, — P'a, +ip a Gy |v 


= a,{ —2mocdyyth + FH" — His", ipo" Jw} . ©) 


Because a” was arbitrary the coefficient of a” must vanish, that is 


— i = i aes 
Heys = ee lhe pea = Be — —_p” (h,6", 
cwyy Yi ea [yop V1 (p pr) v1] es Ca 1) 
This is just the statement of (2). This splitting of the matrix poy is called 
Gordon decomposition.' Its physical meaning is that the Dirac current density 
cy", can be split up into a convection current density 


' Surprisingly, this procedure was derived by Walter Gordon in Z. Phys. 50, 630 (1928). 
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Exercise 8.1. ae BPH — (p" b>) v1] (10) 


and spin-current density 


EXERC]SE re 


8.2 Calculation of the Expectation Value of a Velocity Operator 


Problem. Calculate the expectation value of the velocity operator of a wave packet 
consisting of plane waves with positive energy, using the Gordon decomposition. 


Solution. A wave packet of Dirac plane waves of positive energy is given by 


vP@n= [a aon y Lhe. sue, sear /a (1) 


This gives the expectation value of the velocity operator (do not confuse the given 
symbol for wave packets of positive energy (+) with that for Hermitian conjugation 


1): 
pis [oP caw dx 
= / oC Nai caetiamee / Bray dx 
a fhe «ff ae dp dep’ / moc? | moc2 
(2rh)3/2(2rh)3/2 a sae E' 


x D> brp!,s\b@, s)e/MO"—P Rp! seyiulp,s) . (2) 


Be) SENS 


Via the Gordon decomposition [Example 8.1, (2)] of the spinor matrix element this 
becomes 


Heft dp » Moc? 
De ag > bp’, s"b@, 8) 


Sena aly! 


Me gL 
/ Game ° oa? 


x [(p" +p‘) -i (—p’” + p”) a5] u(p,S) 
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Because of the identity Exercise 8.2. 


on —(i/ Ap" —p')x 
‘| Baer * ae! ae 


Janh) /nhy 
eee Ue (a hae 3 
= 6(p - p')exp | > (= -=)~| (3) 
-_e_oOow___—’ 


=1 


this evaluates to be 


Ji) = fap Me ee ge =e b*(p,s')b(p, s) Hp, s’)u(p, s) 
ye 


fie ae ak 
2 
ic 
= fp we, s)? 
Sex) 


As we can see, the spin-dependent part of the current vanishes. 


=6,,- [from (6.34)] 


Let us resume our earlier discussion [see (2.61) to (2.70)] on the velocity 
operator for one particle in relativistic theory: In Schrédinger’s theory the velocity 
operator 6 = p/m was proportional to momentum, but this is no longer the case in 
Dirac’s relativistic theory. The velocity operator for free particles c& is no longer 
a temporal constant, because of 


a eee (8.5) 


From (8.4) we can even conclude that one needs the solutions of negative energy to 
construct eigenfunctions of c&. Further, wave packets consisting of plane waves 
with only positive energy have the eAUES Un value of the velocity |(cd')| ~ 
\(c*p; /E)| < c, whereas the eigenvalues of cd are exactly +c. This motivates us 
to consider wave packets made up of the complete set of plane Dirac waves, i.e. 
plane waves with both positive and negative energy. Instead of (8.1) we now write 


cs ae ee 
7 t = 
es JOnhy 


x 2 © iste rs d*(p,syu(p, sete" /™) _ (8.6) 


The coefficient b(p,s) are the probability amplitudes for waves with positive en- 
ergy, whereas d*(p,s) are those for negative energy. The probability of finding a 
particle anywhere must be one (see Exercise 8.3): 


[exvl@nve.n = [er loeP+WdesPl=1 87 
SEs) 
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From this we calculate the current of the wave packet (see Exercise 8.4): 


Jt= / dx hl (a, hed, W(x, t) 


= [ &r) (00.9? + a0.) BS 
= Pp ’ ’ E 


ats 


tic D7 b*(-p,s')d*(p, sea —p, s')5™ up, 5) 
Sei Satye 


ic D7 d(-p,s')b(p,s)e-ra(—p, sain} . (8.8) 


SEA AS ey 


Here u(—p,s) means u(./p? + moc, —p,s). This abbreviation is not particularly 
obvious, but it is absolutely clear what is meant. In the following we use this 
notation for the coefficients b, d* and for v(—p,s) too. 

If we compare (8.8) with (8.4) we see that additional terms appear in (8.8). 
The first term in (8.8) represents the time-independent group velocity that also 
appears in (8.4). The second and third terms are interferences of solutions with 
positive and negative energy, which oscillate ttme-dependently because of the fac- 
tors exp(+2ipoxo/h). The frequency of this Zitterbewegung? is 


2poc = 2moc? 
hc hic 


and its strength is proportional to the amplitudes d(p,s) of the waves with negative 
energy in the wave packet. See Exercise 8.5! 


DK AOS es, (8.9) 


EXERCISE 


8.3 Calculation of the Norm of a Wave Packet 


Problem. Calculate the norm of the general wave packet built out of plane Dirac 
waves of positive and negative energies 


moc2 
be, t) = ii = ey me 


x dW [b(p,s)u(p,s)e“ar"/* ef d*(p, sup, ser?" /"| 
S 


Solution. The current is defined as 
j¥ me / Px Da, ty"ve,t) , (1) 
and the wave packet reads (see above) 


* This name stems from E, Schrodinger: Sitzungsber. PreuB. Akad. Wiss., Phys.-Math. 24 
418 (1930) and in German means literally “trembling motion”. 


> 
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dp moc2 
ats = ——$____. soi aS 
WeO= | oan E 


«D2 [be sup, spe +d, sup, syetiv 2! — 2) 


The zero component of the current (probability) is then evaluated as 


er. Zn dx d3p d3p’ moc? 
=| a ee Lf Fee ~ Qnhy VEE 


“ os lo" (p’, s')b(p, sul (p', s'u(p, s)e PP’) /h 


Seiya 
+ b*(p',s')d*(p, sul (p', s'u(p, sel te'-2/h 
+ d(p',s')b(p, syo'(p', s'yu(p, see HP')-2/h 
+d(p',s'd°(p, syot(p',s')u, syeleP-2/9] (3) 


Integrating over d*x /(2rh)? leads to 6 functions 6(p! + p). Because pp = E = 
mc’ + p?c?, the energies po = pj(E = E’) are identical if the momenta |p| and 


|p’| are the same. Then we can also integrate over d’p’ and obtain 


o= [r= > {o"@,s'@,u'@,s"m.s) 


Seis AY 
+ d(p,s')d*(p,s)u'(p,s’)u(p,s) 
+ b*(—p,s’)d*(p,s)ul(—p, s')u(p, s) e7i?o%0/h 
+d(—p,s" bp, s)0"(—p,s"yu(p,s)e-2H0/ 1 (4) 
From (6.35) we have 


whip, s!ulp,s) = v'(p,s'\w(p, 8) = ab 5) 


u'(—p,s')u(p,s) = v'(—p,s’u(p,s)=0 , (6) 


and therefore 
w= [dp S {bes +ld@,s)F}=1 (7) 
set) 


In the very last step we were careful to normalize the total probability W to 1. 
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OS a eee 


8.4 Calculation of the Current for a Wave Packet 


Problem. Calculate the current 
tae [ vle@nawands = [Hen wenes 
for the general wave packet of Exercise 8.3. 


Solution. The space components are calculated in exactly the same manner as in 
the last Exercise (8.3): 


‘c= | Px Da, Ww, 1) 
= = | Bx {Up'v —6'Dd — ip, aw}, (1) 


where we used the Gordon decomposition (Example 8.1). Inserting (2) of Exercise 
8.3 yields 


jhe ~~ fff Aer d?x d°p d3p’ moc” 
2mo  Qrh> VEE’ 


x Ss {o* (p’,s b(p, s)a(p' J \u(p,s)p* eo i(p—p’)-a/h 
sens 
— b*(p',s')d*(p, s)u(p’, s'\u(p, s)p* el +P’): 2/h 
+ d(p',s')b(p, so(p’, s')u(p, s)p*e PtP) 2/h 
— d(p',s')d*(p,s)0(p', s')u(p, s)p*e 10?) a/h 
+ b*(p',s')b(p, s)u(p', s’)u(p, s)p* ei -P')-e/h 
=F b*(p',s')d*(p, s)u(p',s')u(p, s)p/Ketivtr’)-a/h 
—d(p',s')b(p, sop’, s')u(p, s)p"*e PtP) 2/h 
— d(p’,s')d*(p, s)0(p', s’\u(p, sp" ele —P')-2/h 
— ib*(p', s")b@p, syu(p’, s')*” u(p, s\(py — pei -P')-2/h 
+ ib*(p', s')d*(p, s)u(p', s")*”u(p, s\(py + p)) el +P): 2/h 
— id(p’, s"\b(p, syo(p', s’)6"” u(p, s\(py + pete +P) -a/h 
+ id(p',s')d*(p, syo(p', s')o*” up, spy BS cee! | . Q2) 


Integrating again over d°x /(27h)> we get 6 functions 6®(p! + p). The integration 
over d’p’ then yields 
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19] 


l moc? 
ee ed 3, Mo 
J mn d a 
x by {2p [b*(p, s')b(p, s)a(p, s’u(p, s) 
SEN Gt 
ta d(p,s')d*(p,s)0(p,s'u(p, s)] 
+ 2p* [d(—p, s’)b(p, syo(—p, s’u(p, s) e~ 2iP0%/h 
= b*(—p,s')d*(p, s)a(—p, s')u(p, s) e7?%/ 7] 
2iE 
o a [b*(—p, s)d*(p, s)u(—p, 5')6*°u(p, s) e7iPoro/h 


ve d(—p,s')b(p, syo(—p, s')6u(p, s) e *P%/") } : (6) 
From the orthogonality relation (6.34) we get 


u(p,s’)u(p,s) re bss" = —U(p,s')u(p,s) ; 
u(—p,s’)u(p,s) =0 = U(-p,s’)u(p,s) . (4) 


Therefore, from (3) only 


— ; . » pee? 
JS = | d’ps 97 (be, 5)? + d@,s)?] = 
ei) 
+ic > [b*(-p,s)d"@, sya(—p, s")6*u(p, s) e279!" 
EECA N 
— d(—p,s')b(p, syo(—p, s’)6 u(p, 5) e~ 2Po%0/h) } (5) 


remains. This is the earlier used result (8.8). 


AL (|, a a a TY 


8.5 Temporal Development of a Wave Packet 
with Gaussian Density Distribution 


Problem. At time t = 0 the following wave packet with Gaussian density distri- 
bution is defined as 


1 2 2 
P'(@,0,8) = Casa wl) (1) 


Determine the wave packet at time t developing from (1). Consider the intensity of 
the negative energy solutions in the wave packet. What does one learn in general 
about the applicability of the one-particle interpretation of the Dirac equation? 


Exercise 8.4. 


ee 


Exercise 8.5. 
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Solution. Equation (1) is a boundary condition for the general wave packet 


W(x, t) = acon ao S [b(p, s')u(p, s/)et-P-/ 


Seats s 
+ d*(p,s')u(p,s \k@—?: lid : (2) 


The requirement 
p(x, 0) = p(x, 0,5) (3) 


leads to equations that determine the coefficients b(p, s’) and d*(p, s’). In particular, 
it follows from 


[int = is d*(p,s')u(p,s ‘ves anh 


GUSseg 


moc2 faca 
[oa ' >) d*(p',s')u(p',s/)elP'2/™ (4) 


(where we have inserted p = —p’ and po = —p{) that 


{y= >> [60,5u@,s') + d*P',s' W's] 


Sos 


Fi ad Dp 1 2 2 
sa/h ioe - Dial 
x eiPz Cae? eae a7 (ae | (5) 


The rhs of (5) is just the Fourier transform of the braced expression on the left. 
Therefore the inverse transformation reads: 


2 
‘ — ye [b@, s’)u(p, s’) tig d*(p',s’)u(p', s’)] 
s’=ts 


d?x ec ip-a/h | 


nny? ae) 6) 


1 
(md2)3/4 


On the rhs of (6) we have the Fourier transform of a Gaussian distribution. With 
the identity 


d°x e ip: t/h l ell (24? 
(nhy3/2 © (ate 
I do a eee 
~ A a e PIA RNS oll) (7) 


we rewrite (6) as 


2 
\ o > (2,5 uep,s’) + d*Q',s’v@',s’)] = g(pl)w'O) (8) 
s/=5 


Expanding the sum and using the definitions 
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u(p,s' = +s) = w!(p) ; u(p, —s) = w*(p) ) 
v(p',+s)=w*(p'), u(p',-s)=ur(p') , (9) 


we get 


Exercise 8.5. 


A 
eb, se! (p) + bO, -8)w(@) +.4°(p', sw'(p!) + d*(p', -8)w(P)] 
= g(|p|)w'(0) (10) 


Now we multiply (10), in turn, by [w!(p)]', [w?(p)]', [w3(—p)]* and [w4(—p)]t. 
With [see (6.30)] 


[ey] = [FEM (oP E 7a TGs, | 

[w >(p)|' = |e ( E 7 aa 13 rs) ; 
[w'(— —p)|' = (as ae ee) : 
[w*(—p)]' - [ne ome ) 


the following relations are valid: 


[w(p)|' w/(—p) = [w/(—p)|'wi(p) =0 for i = 1,2 andj =3,4 ; 


[Oe 


TP+e 0,1 


11 
E + moc?’ po : Oe 


[wi(p)]' wip) = 538 oe ec) Oe 
[w'(—p)]' wi(—p) = moe? bij for i,j = 3,4 


Hence, we ai the four equations: 


le Hp.) 3 = 9(Ipl) [w" (p))' w'(0) 
=> so) = Em, (ljp|))-1 , 
j= ie ons = 9(\pl) [122¢p)]* w(0) 


= bip,—s)=—O0 , 


2 
— =, = altel) (u°-p)]' w') 
E 
= ay, 9) =) tp go, 
fap.) y = all) [w'(—p)]' vO) 
E “moc? 


oc 
= d*(p',s)= yee g(\p pees . (12) 
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Exercise 8.5. We now insert these equations, as well as (9) and (4), into (2), which yields: 
dao: moc? /E + moc? E + moc? 
te ee Oh ee = 
i / Qrhpe° VE oe P| a2 
ie 
I (E + moc?)2 
0 2 
PzP+e 
ae —iEt/h — 
\| Bareaege | 2 + | Gemenene 
De ~Pze 
E + moc? E ae 
(p? + p2)c? 
(E + moc2)? 
2 
i —PzP+C€ ; 
iEt/h SS iEr/h 
x € + (E ai moc2)2 € 
0 
T~P+e 
E + moc2 
dp ip-x/h 
= / Onhy7° 9(\p|) 
E + moc? en ikt/h 4 pe eit /h 
2E 2E(E + moc?) 
- re = (eo eift/h) 


pt c (e~iBt/m eift/h) 


dpe 
~ i; Gniy2 e a(t) 
2 2, 
EH moc” isin 5 E = moc issn 


2E 2E 
x Pze 
ar sin & 3 
(G 
sca E isin a ; 
7 d P ip-a/h os E - Moc " Et 1 
=| ne (|p|) pra) EB Sin z) w (0) 
Et 
zs jee sin (F %) (0) — PES sin (2) (13) 


At an arbitrary time ¢ + 0, (x,t) is thus composed of the following three parts: 
W(@, t) = c1(@, tw! (0) + c3(@, t)W°(0) + c4(a, t)w*(0) 


The functions c;(a), c3(2), c4(a@) can be calculated only by use of numerical 
methods: 
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3 3/2 
o(2,t):= ues eip-x/h_1 d eo lpia? /2h? Exercise 8.5. 
pee (27 hi)3/2 3/4 \ A 
\/mect + pc? moc? \/mect + p2c? 
x | cos ———__—_—_-+t¢ -i sin -———_—_——__t ; 


h 4/méc4 + p2c? h 
: dp ip-2/h 1 d ae 242 sop? 
, . —|pl'a°/2k 
c3(x,t) i= if Cane 3] (5) e 


Pec _ afmge4 + pc? 
————— sin ——____ , 
,/mect + pc? a 


ee 
Caled) =| oem’ / =a/4 @ e |p\a°/ 


lm2c4 + n2c2 
= _ 4fimge” + pre 
Py — \px i-— (14) 


x 


6 SI 
lyn2 


This result can be understood in the following way: To obtain the wave-packet 
of (1) a superposition of plane waves of positive as well as of negative energy is 
necessary. Here the the coefficients occur in such a way that for t = 0 the w°(0) 
and w*(0) parts of the partial waves of positive energies and those of negative 
energies cancel each other. This can be clearly seen for t = O in (13): The third 
and fourth components of the sum of the three spinors vanish. Since the partial 
waves of positive and negative energy behave differently in time [exp(—iEt/h) and 
exp(iEt /h), respectively] this is no longer valid for times t # 0. This implies that 
(1) obviously cannot be regarded as a localized electron of spin +s, as it would 
have been in the framework of a single-particle interpretation of the Dirac equation. 
One may wonder why a spin-up electron in time gets admixtures of components 
of negative energy with spin down. The reason for that comes from the fact, that 


[A;,0]_ =2&xp#0 while [A,,p-é]_ =0 


Hence spin is not conserved; only the projection of spin along the momentum p is 
a conserved quantity. 

Let us briefly return to (12), from which we get the relative intensities of the 
partial waves of positive and negative energy: 


a |b(p, 5)? 
? |d*@', sy? + ld*@", 5)? + |b, 5)/? 
1 1 
~ prc? /(E + moc2? +1 (E — moc?) /(E + moc?) + 1 
n+l n+l ; 
= ————_ = ———_ with n= 
n-1il+tn+l1 2n moc2 
ey pat) 2 Sie Ae = 

R, Bas iaseld pass) c ee ae ee 


~ |d*(p’,s)|2 + |d*(p’, 2 + |b@,5)2 = 2n 2n 
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Relative intensities of par- 
tial waves of positive (R,) 
and negative (R,) energy is 
a Gaussian wave packet of 
width d 
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Because of the Gaussian distribution g(|p|) [see (7)] only partial waves with |p| < 
hi/d contributee noticeably, so that 


Eo _— (moc?) + c?p? p? de 
‘ moc2 moc2 iis mec? i; d eo 


where we have set p = hi/d and d, = h/moc. In the figure below we recognize that 
only for d < d, = h/moc, i.e. only if the width of the wave packet is compressed 
to a size of about a Compton wavelength of the electron, do the partial waves of 
negative energies have an appreciable effect. 


9. Dirac Particles in External Fields: 
Examples and Problems 


EXAMPLE 


9.1 Eigenvalue Spectrum of a Dirac Particle 
in a One-Dimensional Square-Well Potential 


We calculate the spectrum of eigenvalues for Dirac particles in a square-well po- 
tential of depth Vo < 0 and width a. 
For that purpose we decompose the real axis into three domains I, II, III: 


lege ay?) ; Ik =dj2 7 0/2 3 Wz eal 


The Dirac equation within these domains reads (see Fig. 9.1) 


(&-fe+ Bmoc*)p=Ey , 


Il: 


(&-pe+ Bmoc*)p = (E — Voy 
(Vo 0) . (1) 


As the relevant coordinate we choose z. Therefore the spinor w is only a function 
of z, e.g. p = YZ). 

While the wave functions in I and III are just the free solutions of the Dirac 
equation, the solutions in II are obtained from the free solution by the substitution 
E — E — Vp. Since no spin-flip occurs at the border of the well, we can restrict 
our discussion to solutions with spin up. The energies of the solutions can take all 
allowed values from —oco up to +00, so that we can describe particles as well as 


antiparticles. 
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Example 9.1. The solution of the Dirac equation (1) are thus given by: 
i 
1 1 
0 0 
wr) =AerZ/] _ pic | + Ale PRIA | pie 
E + moc? E + moc? 
0 0 
ibe a 
tg me 4 75 oe (2) 
I: 
1 1 
0 0 
dn(z) = B elme/* P2e Ber Pie —P2¢e (3) 
E — Vo + moc? E — Vo + moc? 
0 0 
(E — Vo) a a 
P= yO ; 73" 3 ; 
iis 
1 1 
0 0 
ima) = Cet)” |) epic WG) en ere ; (4) 
E + moc? E + moc? 
0 0 
r 
22 a 
— Sa 
PIl=az-me’ , 225 


At the borders of the well the wave function must be continuous (because of the 
current conservation 0,j" = 0). Therefore we get the condition at the boundaries 


Z=—§: 
a a 
te (—3) = #(-5) 
Lee 
a a 
vn (5) cae vm (5) 
This means in particular: 
5: 
Bos BAC eipia/2h oR eka - B’ eip2a/2h (5) 
Ae pia PND A’ eipia/2h 
( i db moc2 
= (Be ip2a/2h _ Bl eipoa/2h es 
( i )E om Vomoc2 (6) 
tts. 
B eip2a/2h a B! e7ip2a/2h ee eipia/2h as Cle ipa /2h (7) 
(B eipa/2h pl e7 ir24/2h) P2e 
E — Vo + moc? 


= (C eipia/2h _ Cl g-ipia/2h =e ; 
( ) E + moc? a 
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If we define -y to be 


ae pic E-—Vo+ moc” _ (E = moc?) (E —Vo+ moc?) 9 
E + moc? p2c if (E aa moc?) (E —V- moc?) ©) 


we can write (5-8) in the following matrix form: 
A 7 1 > ei —p2)a/2h = eli tpya/2h B ) 
Al} 2 \ x=} @-ieiter)a/2h 441 giQ—pda/2n ] \ BY)? °° 
y y j 
B 1/(+y) eli —p2)a/2h (ie) e7i@itp2)a/2h re 
ie) = D) & — 7) ellprtp2)a/2h Ce ara/ 20 ) & i uD, 
and by inserting (11) into (10) we get in summary 
A\ 1 
A'} 44 


G ae 7) eii—pr)a/h _ Ges +)? elitpa)a/h (= n2)(e-ipaa/h on elpoahy 


(1 —+)2(el2e/h _ eima/h) (1)? esis (hat) —a)teseitpea/h 


x @) . (12) 


Thus we have two equations with four unknown coefficients A, A’, C, C’. The 
normalization condition is a third equation: 


[vv ie (13) 


Therefore one of the four coefficients A, A’, C, C’ can, in general, be arbitrarily 
chosen. 

Now we can discuss the solutions to different energies. Let us look at Figs. 
9.1,2 where typical behaviour of the large component of the wave function is 
plotted for different energies. In Fig.9.1 we have assumed |Vo| to be smaller than 
2moc?; therefore we have to consider four energy ranges. 


(1) E > moc?: Free electrons are moving from left to right and are scattered by the 
(attractive) potential. If in domain II the width of the potential is an integer multiple 
of the wavelength, there exists a potential resonance, i.e. one gets an especially 
large probability for finding the electron in the well. 


(2) moc? + Vo < E < moc?: Here we find bound states with an exponentially 
decreasing probability for finding an electron in domains I and III. 


(3) —moc? + Vo < E < —méc?: Incoming positrons (continuum states of negative 
energy) “feel” a repulsive potential (because of their opposite charge — these wave 
functions actually describe positrons, as well shall see in Chap. 12 on hole theory) 
and will be scattered at this potential. Since the probability of finding an electron 
in domain II decreases exponentially, a large proportion of the positrons will be 
reflected at the repulsive potential. (The transmission decreases with a and increases 
with |E|.) 

(4) E < moc* + Vo: The positrons are scattered at the repulsive potential; again, 
there can exist potential resonances if a is an integer multiple of the wavelength 
in the domain II. 
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Fig.9.1. The large compo- 
nent of some wave functions 
for different energies. In this 
case the depth is |Vo| < 
2moc? , 


@s 
© 
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On the other hand in Fig.9.2 the potential is assumed to be |Vo| > 2moc?. In 
this case an additional energy domain appears, showing a new behaviour of the 
wave function: moc? + Vo < E < —moc?. In this domain, bound electronic states 
are possible; however their wave functions do not decrease exponentially, in the 
domains I, IH, but they join a continuum wave of the same energy E < —moc?. 
Therefore the probability of finding the particle far away from the well is not equal 
to zero. We interpret this observation using hole theory (see Chap. 12). It means 
that a hole in that state will travel away (as a positron) from the well to infinity, 
and if a state is unoccupied, it will be slowly occupied by an electron of the filled 
Dirac sea. Thus a spontaneous creation of an electron—positron pair is possible. 
An empty bound state will spontaneously be occupied by an electron from the 
negative continuum, whereas the positron will move away to infinity. (Because of 
the spin degeneracy of the state there will even be two positrons: one with spin up 
and one with spin down.) One usually says that in this case the potential well is 
overcritical with respect to spontaneous e~ — et pair creation. While bound states 
in the energy domain —moc? < E < moc? can remain empty without causing any 
instability to the system, it is impossible to keep bound states that “dive” into the 
negative continuum empty for a long time. They will be spontaneously filled up, 
i.e. the hole in this state has a finite decay width. We will see that, in fact, no 
sharp energy levels of bound states exist in the domain moc” + Vo < E < —moc? 
(as was the case for —mgc? < E < moc’), but these wave functions will have a 
reasonating structure that peaks around the expected binding energy of the bound 
state. 

Following these qualitative considerations, we shall now show how these state- 
ments result from the solutions (10)-(12) and we distinguish the two cases: 


(a) |E|>moc? , ie. p; is real 


(b) |E|< moc? , i.e. p; is imaginary 


Solutions for (a) are in general called scattering states,, solutions for (b) are bound 
states. 
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Fig.9.2. The large compo- 


E , nent of some wave functions 

; for different energies. In this 

@ ; @) @) case the depth is |Vo| > 
2moc? 


V —2moc? Vo a Vo ee 


Fig. 9.3. The graphical solu- 
tion of (19) 


First we consider case (b). Here (12) are significantly simplified since A and C’ 
have to vanish, so that 7 and 7p; do not increase exponentially and are therefore 
normalizable; thus the first of (12) has the form: 


(= = elP/C ((1 + yr em iPea/h _ (1 — yy? eima/h) (14) 
oy 
Since C # 0 (otherwise the whole wave function will be zero), we obtain 


147 cima/h LA imash (15) 
1-y¥ ey 
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Example 9.1. As long as p2 is real (in Fig. 9.1 for moc? + Vo < E < moc’, in Fig.9.2 in the 
whole domain —moc? < E < moc’), y is imaginary (since p; is imaginary). Thus 
(15) means that 


+7 enna /h - Sle en ipa /h (16) 
sy oy 
whereby ‘“*” denotes complex conjugation, or 
Im (= vit) =n (17) 
ey 
With y = il’ (I € R) follows 
OH i a 
pee ae : 18 
ee tan (p> 4) 2 ( ) 


Inserting I’ form (9), we finally have 


cp cot (p2=) =f(p2) with 


ee (19) 
CK 


whereby p, = ik. This is the equation to determine the energy eigenvalues of the 
bound states, which will be discussed immediately. Before this, one should briefly 
mention that (15) has no solution, if in Fig.9.1° 


—mc? <E <moc?+Vo , 
i.e. if p2 is imaginary: 


(l+~) 
(Lig? 


because (1 + y)* > 1, (1 — )* < 1, e74/" > 1, which is the reason why 
the wave functions in this domain vanish identically. The condition (19) can be 
approximately solved graphically (take a look at Fig. 9.3); this is sufficient to get 
a qualitative overview about the behaviour of bound states. Let us do this first; 
afterwards we shall obtain the exact energy spectrum for bound states by numerical 
solution of (19). 

First we note that 

y := cp7 cot (p2= ) =e (p=) cot (9) rt te 

h h h 


a 


era/h 21 (yp) =iky) , (20) 


moc2V, 
fe) —— , 
Pp" 4/—2moc?Vo — VP 
+oo (corresponding to E > +moc”) . CAG) 
cpr—/ Vi —2moc? Vo 
In the case of Vo < 2mpoc?, f(p2 — 0) becomes imaginary. This looks, if graph- 


ically presented, somewhat like like Fig.9.3. We note immediately, that a bound 
state always exists, independent of the depth and width of the potential well. This is 


f(p2) 
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a eee 


in accordance with the corresponding nonrelativistic problem, but is opposite to 
the corresponding three-dimensional problem. Because of the angular momentum 
barrier occuring in the latter case, not every three-dimensional potential well has 
a bound state, but only those below a certain depth Vo. 

One can solve (19) numerically and thus determine the energy spectrum of the 
bound solutions for several sets of parameters Vo, a. This is depicted in Fig. 9.4 
for the case of a = 10X,. We note that, with increasing Vo, more and more states 
appear. For Vo ~ —2.04moc* the well becomes supercritical, the lowest bound 
states enter the lower continuum and can there be realized as a resonance in the 
transmission coefficient (s. b.). 


Elmoc* 
i 


— | 


0 —1 —2 Volmoc? 


Now we want to consider the scattering states. Again there are several domains: 


1. pp and ¥ are real. This is the case for E > moc” and for E < —moc? + Vo. In 
the overcritical case there is an additional domain mgc* + Vo < E < —mgoc?. 
2. p2 and ¥ are imaginary. Obviously this is the case for Vo — moc? < E < 


Vo + moc’. 


We will discuss both cases successively. First we make use of the possibility that 
we can choose one of the coefficients A, A’, C, C’ freely. We assume that from 
the rhs no wave enters the potential; thus C’ = 0 and C is interpretable as that 
part resulting from a wave with amplitude A which arrives from the left, travelling 
through the potential pocket or well. The term proportional to A’ stems from the 
wave reflected at the potential. Now we can define a transmission coefficient T 
and a phase shift 6 by 


G@ , 

—=VTe , (22) 

A 
i.e. the amplitude of the outcoming wave is reduced by a factor VT and shifted by 
the phase 6 compared to the wave impacting from the left. From (12) we obtain 
for real p2: 


Example 9.1. 


Fig. 9.4. Eigenvalue spectrum 
of bound electrons in a one- 
dimensional potential well of 
width a = 10X.. The ener- 
gies of the dived states cor- 
responding to resonances are 
depicted by dashed lines, as 
they can be extracted from 
the maxima of the transmis- 
sion coefficients (see Fig. 9.5) 
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> = 
1-7? aD a 
= <K : 23 
1+( Dy ) sin (%)| <1 (23) 


The phase follows from [see (12)] 


— = ele U/P4 = cos (p=) — (te sin (po) (24) 
and 
a [sn (6-92) +008 (6-82) 
= cos (P24) ~iA 57 sin (22) 25) 


The separation of real and imaginary parts and the elimination of VT yields 


—tan Gs _ ) ae. er. tan () ; (26) 
ee (A) — arctan (- == tan (2) ) ie (Oi) 


If, however, p2 is imaginary, then instead of (23) we get from (12) the transmission 
coefficient 


1+ 10s. - 2/24 i: 
= — < 28 
4 1+ (ES) sint? (32) <1 (28) 
(whereby y = il’ and p2 = ik as before), and instead of (27) the phase shift reads 
cE 2 
6 = (FB) — aretan (7 tan (2) ) 2) 
In Fig. 9.5 the transmission coefficient for a potential of the depth Vp = —3mpoc? 


and the width a = 300//mpoc is depicted. Now we choose an overcritical potential, 
since the undercritical case differs only by the omission of the domain moc? + Vo < 
E < —moc?. We have significant structures of resonance in the electron continuum 
for E > moc? and in the positron continuum for positron energies above the 
potential barrier |E| > |Vo — moc|; (E < —mpoc? + Vo). Positrons with lower 
kinetic energy (—moc? + Vo < E < moc? + Vo) only penetrate the barrier with a 
probability which decreases exponentially with the width a of the barrier. Hence T 
is about zero in our case. In the domain moc” + Vo < E < —moc”, however, there 
is the possibility that the incoming wave meets an overcritical, quasi-bound state, 
and thus penetrates the potential domain more or less unhindered. At the point 
where by extrapolation of the spectrum of the bound states in Fig.9.4 one would 
expect the quasi-bound state, T is equal to 1. The dived bound state in this way 
becomes perceptible as a resonance in the scattering spectrum below E = —moc?. 
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These resonances do not exist for subcritical potentials; their interpretation as a 
signature for spontaneous pair creation has already been discussed in the qualitative 
discussion above.! 

Finally we look at the scattering phase in Fig. 9.6. As can already be seen from 
(23), (27), (28), (29), one gets T = 1 for 6 — p(a/h) = O(mod 7), and T becomes 
minimal for 6 — pi(a/h) = 5 (mod 7). If T is minimal the reflection coefficient 
becomes maximal. Hence this statement is in agreement with the well-known state- 
ment from scattering theory that the scattering cross-section becomes maximal if 
the scattering phase passes through 4. (“Scattering” in the one-dimensional case 
is identified with reflection at the potential well.) 

Thus in the domain moc” + Vo < E < —moc* we can determine the energies of 
the dived states, where (6 — p,a/h) = O(mod 7). These energies lie exactly where 
one would expect them by extrapolation of the bound spectrum (see Fig. 9.4). 


' For greater detail see W. Greiner, B. Miiller, J. Rafelski: Quantum Electrodynamics of 
Strong Fields (Springer, Berlin, Heidelberg, New York 1985). 
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Fig. 9.5. The transmission co- 
efficient for scattered states 
of a one-dimensional square- 
well potential of depth Vo = 
—3moc? and width a = 10%. 
The energies of the bound 
States are depicted by dashed 
lines 


Fig. 9.6. The phase shifts of 
scattering states of a one-di- 
mensional well of depth Vo = 
—3moc? and with width a = 
10X- as a function of energy 
13, Woe energy E is given in 
units of moc 
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9.2 Eigenvalues of the Dirac Equation 
in a One-Dimensional Square Potential Well with Scalar Coupling 


Problem. Investigate the eigenvalues of the Dirac equation in a one-dimensional 
square-well potential, with depth Vo and width a, if this potential is not coupled 
as a time-like component of a four-vector, but like a scalar. 


Solution. As in Example 9.1 we define three domains I(z < a/2), I(—a/2 < 
z <a/2) and III(z > a/2). In these cases the Dirac equation takes the following 
respective forms: 


LI: (&-peot+Pmoc?)p=Ey , 
HW: (&-pe+ Bimc? +Vo))\p=Ev (Vo<0) . (1) 


In contrast to the vector coupling, which in domain II leads to the replacement E — 
E — Vo, we now must replace moc” by moc? + Vo in II. While vector coupling acts 
differently on electron and positron states, respectively (if electrons in the square 
well are attracted, positrons are repelled, and vice versa) and thus the eigenvalue 
spectrum is not symmetric (bound states exist for only one of the two kinds of 
particles), scalar coupling acts equally on particles and antiparticles. Alternatively, 
one can say: For vector coupling the potential couples to the charge (which is 
different for particles and antiparticles); for scalar coupling the potential couples to 
the mass (which is equal for both particles and antiparticles). In the latter case we 
thus expect a symmetrical energy eigenvalue spectrum, i.e. for both electrons and 
positrons there will exist bound states. Hence we expect a supercritical behaviour 
even for Vo < —mpoc?. In this case, in principle electron and positrons states can 
cross. What happens then will be discussed in detail a little later. Now, though, 
let us proceed analogously to the case of vector coupling. Again the momentum in 
the regions I, II is given by 
2 
Pt = = — Moc? (2) 


In domain II, however, we get 


2 
is = a moc + no (3) 
2 ¢? : c 
Again we can write down the conditions for continuity of the wave functions 
at z = —a/2 and z = a/2. Analogously to the case of vector coupling, we define 


_ pic E+moc?+Vo _— |(E —moc?)(E + moc? + Vo) A 
~ E + moc? poe (E + moc?)(E — moc? — Vo) ~ Sy 


One should note that y — 1/y if E — —E. Using the same notation as in the 
case of vector coupling, we can work with (12) from Exercise 9.1, if we observe 
that 7 is now given by (4): 
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A 1 
ee = Te Exercise 9.2, 


(le 7) elMi—p2)a/h _ (i= yy elitpa2)a/h (hs y*)\(eip2a/h es elp2a/hy 
x 
—(1 = ga*)(e~ip2a/h = eip2a/h) a ei yy eli —pada/h a a = . 


(S)] : 


We divide the further discussion into several steps: 


(1) |E| < moc’; bound states 
(2) |E| > moc’; scattering states in the bound electron or positron continuum. 


Let us first consider the bound states. For these the following eigenvalue equation 


holds: 
ae —ipa/h _ Lees ipoa/h 
1-7 i ee) is , (6) 


This equation only has solutions if p2 is real, i.e. |E| > |+moc?+Vo| [E > moc?+Vo 
for electrons, E < —(moc? + Vo) for positrons]. Thus, it again follows from (6) 


that 
a 2° : 
tan () = 1—f2 ) with (7) 
y=if’ (WER) and 
a moc?Vi 
cp2 cot (m=) =-— ( = + nie] =) (2), (8) 


whereby p; = ik. Of course this equation is symmetric in +E, too. Furthermore 
the following relations hold: 


2V,, + V2 DES) 
ee a od (0 LP v3) 6) 
4/ —2moc?Vo — Vie — p3c? 


moc2Vo + V2 <0 for |Vo| < moc? 


ee ee >0 for |Vo| > moc? , (10) 
eee —2moc?Vo — Ve —oo for Vo— —2moc? 

Ff (p2) >? +00 (corresponding to p2 > 4/ —2moVo — vie?) eG 
|E|—moc 


Since Vo < moc’, the graphical solution of (9) looks similar to the case of vector 
coupling (see Fig.9.7), except that one has to imagine Fig. 9.3 in Example 9.1 to 
be continued to negative energies in a symmetric way. 

If now |Vo| increase, the intersection point of f(p2) with the ordinate in Fig. 9.7 
is shifted upwards. Correspondingly the lowest eigenvalue decreases to smaller 
values of po. In case of 


(moc? Vo aE Va) s he 


4/ —2mpoc2Vo = ta ss 
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Fig. 9.7. Graphical solution 
of (8) 


vA, 
| 


ij ny 


ko cot(kza/h) 


the lowest eigenvalue vanishes, namely at pp = 0 or |E| = |moc* + Vo| > 0. 
Consequently the deepest bound state never reaches the energy E = O and the 
corresponding electron and positron states never overlap. This does however not 
mean that the eigenstate does not exist any longer for larger values of |Vo|. Rather, 
now there exists a solution of (6) with imaginary momentum p2 = ik2, K2 = 

(moc + Vo/c)* + E*/c. The transcendental eigenvalue equation analogous to (8) 
reads in this case 


Z 


CK, coth (>) a (= + mc) =: f (K2) 


KC 


A graphical construction similar to the one in Fig. 9.1 reveals that there is always 
exactly one solution for 


4/—2moc?Vo -Ve 9 


For Vo — oo it monotonically decreasingly approaches the value kz — —moc — 
Vo/c corresponding to E — +0. 

If we further increase |Vo|, the ordinate cut of f(p2) still moves upwards and the 
higher states approach the eigenvalues p) = nmh/a with the eigenenergies E* = 
(nx/a)*(he) + (moc* + Vo)”. For |Vo| — 2moc?, the quantity f(p2 = 0) diverges 
and the eigenenergies come close to the value E? = (n/a)*(hc)? + mgc* > mc’. 
That means no more bound states exist for |Vo| — 2moc?; with increasing potential 
depth all bound states vanish, one after another. This behaviour is illustrated in 
Fig. 9.8, which was obtained by solving (8) numerically. The energy diagram shown 
is characteristic for the square-well potential. [One can also consider the same 
problem in three dimensions with a Coulomb-like potential of the form —a’/r 
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Si -2 


(see Example 9.8); then, all states in the diagram are conserved for arbitrary high 
coupling strength a’, too. However, their binding energies approach the value 
|E| = 0 only asymptotically (cf. Fig. 9.9) and also in this case electron and positron 
states do not cross.] 


2 
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Therefore we find, in contrast to vector coupling, that in the case of scalar 
coupling spontaneous e+ — e~ pair creation never occurs, no matter how strong 
the potential chosen. This qualitatively different behaviour of the bound states 
in case of the a’/r potential is easily understood in the following way: Due to 
the scalar potential the electrons obtain an effictive mass MeffC2 = moc? + Vo. 
Figure 9.10 schematically shows this effective mass as a function of r for the a’/r 
potential, together with some bound states. 


One sees that a region with mete < mo always exists, so that bound states are 
always possible (i.e. for all values of the coupling strength a’). With increasing 
parameter a’ the wave functions are shifted to larger values of r. Simultaneously 
the potential bag is broadened and hence the energy eigenvalues |E| decrease and 
become zero in the limit a’ — oo. Since meg > O always holds, then |E| > 0 
is always valid, too, and electron and positron states can never cross. The energy 


Fig. 9.8. Spectrum of eigen- 
values of the Dirac equa- 
tion with a one-dimensional 
square-well potential of 
width a = 10X. as a func- 
tion of the potential strength 
Vo (scalar coupling) 


Fig.9.9. Eigenvalue spec- 
trum of the three-dimensional 
Dirac equation with a’ /r po- 
tential (scalar coupling) 
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Fig.9.10. Square of the ‘ef- 
fective mass (mec?)? = 
{moc? + V(r)]’ as a function 
of the radius r 
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gap between electrons and positrons becomes smaller and smaller, but never zero; 
therefore, e —e~ pair creation without energy (i.e. spontaneous pair creation) can 
never occur (see Figs.9.8 and 9.9). 

Finally we give a brief qualitative discussion of the scattering states |E| > 
moc?. Again we consider the case C’ = 0 and study the transmission coefficient 
T = |C/A|*. Of course, the relation |E| > moc?+Vo also holds in the energy region 
|E| > moc. For Vo < —2moc? the electrons feel a potential barrier if they lie in 
the energy interval moc? < E < |moc*+ Vo| (similar statements hold for positrons). 
While for |Vo| < 2moc? resonances occur in both continua (in complete analogy to 
Fig.9.5 in Example 9.1), in the region E > moc? one obtains for |Vo| < 2moc? an 
additional energy region, where electrons and positrons feel a potential barrier, and 
the transmission coefficient becomes very small (corresponding to the behaviour 
in the energy interval —moc? + Vo < E < moc’ + Vo in Fig. 9.5). 


a 


9.3 Separation of the Variables for the Dirac Equation with Central Potential 
(Minimally Coupled) 


The Dirac-Hamiltonian in this case reads 
Ap =c-p+Bmoc?+V(r) , (1) 


where V(r) = eAo(r). Because of the spherical symmetry of the field,* the angular- 
momentum operator J and the parity operator P = e'”G(a > —2x) = el? py 
{see (4.9)] with respect to the origin of the coordinate system commute with the 
Hamiltionian. Hence states with definite energy, angular momentum and parity 
occur. The corresponding wave functions are denoted by 


ay Vim (2, t) 
Yim = Ce, @) 
Here Yjtm and Xj1/m are two-spinors which are to be determined. Snce Wim must 


have good parity and the parity operator reads P = ei? GPy (Pp changes x into 
—x), we have 


2 See W. Greiner, B. Miiller: Quantum Mechanics — Symmetries, 2nd ed. (Springer, Berlin, 
Heidelber 1994). 
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Win (alt!) = Aim (att!) or Prim (x!) = Mim (x), (3a) 
* wil O\— f top@yt) ie ( “Pogpnte;t) 
Prim = &? j Sip OF 
¥y * (6 Bi i) (eae) 
Sy, — 1 ( Pim, 1) ) 
‘abi (ae 


where |A| — 1 [in (3b) we have replaced x’ by x]. One should clearly recognize 
the content of (3a): the demand for “good parity” of the wave function means 
that the wave function is an eigenfunction of the parity operator P [see (4.9)]. 
Equation (3b) shows that the parity of the two-spinor (jim must be equal to the 
negative parity of Xj1m. We can also understand this statement in the following 
way: Starting with the starionary Dirac equation Hp = Ev, we get with 


c(6-p)x+mec’yp+Vye=Ey , 

c(G-p)y—moe*x + VX=Ex , (4) 
or 

(E —moc*-V) p=c(@-p)x , 

(E+mec?-V)x=cGE-d)p . (5) 
Since the operator o - p changes parity, these equations show that the two spinors 
y and x must have opposite parity. 

Eigenfunctions of the angular momentum and the parity operator are the well- 


known spherical spinors. To avoid confusion with the complete wave function VY, 
we shall denote the spherical spinors here by (2),. They are defined by 


Qjim = 5 (Lj \m'msm) Yin Xm, (6) 


Here the two-spinors x Lm, ave eigenfunctions of the spin operators S? = pe? /4 
and $; = hé3/2; they read explicitly: 


-() ie) 


The parity of Qm is given by Yim: 
Pom = (-1) Qin - (7) 


xX 


il 
22 


We make the following ansatz 


Qjim = 19(7)S2itm (=) : 


Xjttim = FO) Br (=) (8) 


r 


with 
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ee, for j=1+4 e 


2(1-4)-l=1-1 for j=1-$ 


Let us repeat this once more: Because of (6) either 7 = / + 5 orj =Il-—- h. If 
j =1+ 4, the orbital angular momentum 1’ of yj, is 1’ = 1 + 1. This is the only 
way to realize the opposite parity of y compared to y. The value /’ = / — 1 must 
be excluded, because no total angular momentum j = / + 3 can be constructed by 
=f land S/— 5. The arguments follow a similar pattern for the second case 
of (9). One has 


5 + Pim = 6 + BLig(r)) Qin (=) = (8 = Big(r)) Qim + igP)S - BQm 
_ ,dg(r) € vr 


mae 


=) Qin +ig(HF Pim (10) 
With respect to (6) the spherical spinors are eigenfunctions of the operators £7, J? 
and §? = (lane with eigenvalues /’(/’ + 1)h?, jG + 1)h? and 3h? respectively. To 
be complete we once more give the explicit form of the §2j, for the useful cases 
j=l+ andj =1-5 ( > }): 


/j +m 
ap hn} 


52 ee ale : ; (11a) 
WH Jet 
j 2j I,m+4 
; — l 
aii rae Yim} 
2.5 (11b) 


The root factors (11) are the Clebsch-Gordon coefficients in explicit form. Now 
we make use of the following relation between the spherical spinors 


(6-“) Qi =H Dire GB (12) 


which is easily proven, because (@ - r/r) is a scalar operator of negative parity 
[see (10.54) and the following]. With (12) we get 


cae Per ae ara 
(6 + P)Qim = (6 +P) (F+=) Qurm (13) 
la 
Now we take the already familiar relation 
(¢-A\G-B)=A-B+ié-(A x B) (14) 
to change (13) into 
A fod aA if ai fot Ut 
(6 ~B)2im = (B= +16 (Bx =)) um (15) 


With p = -ihV and L =r x p, (15) can further be transformed into 
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A yet ~ 1 
(p-r+ié- (px 7) Qu 


= (—iK(V «r) — ihr WV —i8 «(© x B)) ~Qum 
: 


ae 1\ .6-L 
= (-in? — ity (-4)-i = ) 2pm 


WG) ee ee 
=-i(24 2-8) Om : (16) 
From 
2 | ve ae h.\? 
follows 
: er BN 
AL + GQ = (3° -47- (54) ez 
= {G+ )-VU+D)—-3}AQim . (18) 


Now and in the following it is convenient to define a quantum number « by 


= Meech for j =1+5 

n=FG+H)={, i (19a) 
Obviously there is always 

[kJ =ft+h or f=|al—4 . (19b) 


With this and taking /’ = 2] — 1 into account one can rewrite the expectation value 
on the rhs of (18). For j = 7+ 5 one gets 


(+3) (04441) -20+8)-J BU +4) -141] -3 
=P+ilt+it+il+44+4-C4+)0+2-3 
ae 2-1 Oo no (20a) 

Similarly for j = 1 — }: 

ie 5) Pe) i ila 

= P-4-(-)1l-}=l-1l=K-1 . (20b) 
Now (16) can be written as 
(24+ £-6)Qim =A+K)AQim  - (21) 


If in (18) we had started with (Qj, we would have obtained (2h + Ls G)Qim = 
(1 — K)hQjm by the same procedure. In the literature? the following notation is 
often used for (21): One writes 


Xm = Qitm ’ —Kym = Qjtrm (21a) 


3 See, for example, M.E. Rose: Relativistic Electron Theory (Wiley, New York, London). 
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and defines the operator 
R=h+L-G , (21b) 
so that due to (21) the eigenvalue equation 
RXvym = —AKX nm 9 RX nm = AKX—n,m (21c) 
holds, where 
ee for j=l+4 
l=+(j+4) for j=i-3 


and |x| =j + 4 


Consequently, the spherical spinors of (8) can also be denoted by Xx,m = Qim and 
X—1,m = Qrm and we can therefore write for the four-spinor in a central field 


Wim = (ae) = ( 19(r )Qim (5) ) 
Os Xjl'm(Z, t) —f(r)Qjtrm (4) 

= ( 19(T)Xx,m ) me +i( IT)X rm ) 
ria heere” if (1X —1,m 


Sometimes we shall use this alternative notation. With this and (15) and (12), 
equation (10) finally takes the form 


iy d &4+1 
& + Bein = — 2pm (x32 + “1 han) . (22) 
F : 
Analogously one derives an expression for (@ - p)x, namely 
i, oe . df (r K—1 
(6 Brxarm = “ihm (WED —“=vern) | 23) 


Now the expression (22) and (23) are inserted into (5). The angular functions from 
both sides of the equation can be eliminated. So we obtain the differential equations 
for the radial functions f and g: 


he se ee rc AO [E +moc2-Vi)| f(r) =0_ , 
ne +(1- rel, + [E - moc? — V(r) gr) =o" (24) 

With the substitution 

G=r¢q and F =7f win (25) 

dG _ dg(r) ~ df(r) 

dr 9" Gr an Cie dn 
one finally gets 

pe + c= Ger) — [E + mac? — Vin] FO) =0. 

hom — ho=F(r) + [E — migc” — V(r)] Gin) Ome (26) 


These are the frequently used coupled differential equations for the radial wave 
functions F and G of the Dirac equation in the case of a spherically symmetric 
potential V(r). In the literature one occasionally sets G = u, and F = up. 
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9.4 Commutation of the Total Angular Momentum Operator 
with the Hamiltonian in a Spherically Symmetric Potential 


Problem. Show that the operator of the total angular momentum J commutes with 
the Hamiltonian of a Dirac particle in a spherically symmetric potential. 


Solution. In analogy to the Pauli theory for electrons with spin we define the total 
angular momentum as the sum of the orbital angular momentum L and the spin 
angular momentum 44S’ with 


“ ac 0 


oops — Ss (2) 
The one-particle Dirac Hamiltonian for a spherically symmetric potential Ao(r) 
which is minimally coupled as the fourth component of a four-potential reads 


Ay = ca: p + Bmoc? + ~Ad(r) . (3) 


First we investigate the commutator (L, Ap]_. Since E commutes with B and the 
spherical symmetric potential Ao(r), it only remains to calculate [L,@ - p]_. We 
restrict ourselves to the calculation of the commutator for the L, component and 
get: 


[Lx,& > p]_ = Ly (Gx, px + Qypy + OP.) — (QxPx + OyPy + &p.) Le , 4) 


i= yp, 2py . (5) 
Since L, commutes with px, it follows from (4) that 

[ix, & ey dy {L,,py|_ + & [L.,b:]_ 
y (yPcby — 2ByBy — PyyPz + ByZBy) 

+ &, (yP:Pz — tPyB. — BcyBz + B:2Py) 

dy (yPeBy — — pyypz) + &, (p.zpy = ZPypz) 

= dy (ypzby — (Byy)pz — yBypz) 

+ Gz ((6,2)py + 2pcPy — zBypz) 
= dy(-— —Pyy)pz + Gz (p2Z)py - (6) 


8 


With p; — ihO/Ox; we then have 
Lee a: D| ae ih (yp, a Gi, py ) ’ (7) 
and generally 


[2i,&-p|_ = ih (Qjpx — 4% fj) 
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By cyclical permutations of the indices the final result is 
[L,&-p]_ =ih(a xp) #0 . (8) 
Equation (8) states that the orbital angular momentum L does not commute 
with the Hamiltonian and hence it is not a constant of motion. Now we investigate 
the commutator of spin angular momentum with the Hamiltonian: [A3’/2, Hp]_. 


In this case we restrict ourselves to the component [Ad /2]_, too. It is convenient 
to introduce the 4 x 4 matrix é: 


Ae =a with y=4. (0) 


The following relations hold: 


ra (Omi / 0: “a a 70 ele 
—4a=(4 ) ie 5) = (6 3) 2 a 
ai(2 (4 )-G ee. 
0.6. ae 
z ee (12) 
ee 
Ga 
Onfen 0) (ec 0 
Siecnwe  \Omaenee i) 
0 0 
dato 8). r 


and therefore 


(6,51. =0 , (16a) 
[74,4] =0 and (16b) 
be ae. (16c) 
Thus there remains only the calculation of the following commutator: 
gh{2r,4-p] =, — Zh lax, &-B) 
due to (16b) 


ae 1 / A A A A OA A A rt A OA A A a 
= —ahiys (Ax {OxPx + QyPy + Ocb2} — {Axx + Gy Py + GB; } dx) 
ps 1 / aA A A ~ A A A A A A A A 
a — ahs {di Ay By + GOP, — Oy py, — &,p, Gx} 
= 1] / A OA A OA A A OA A A A 
= —ghiys { (Gx dy — byGx) py + (Ard, — O26) p.} (17) 
Because of the commutation relations of the a matrices, 
Oy, Qy = —Ayd, , OO, = —O,0, , (18) 


and it follows that 
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yh [2 , & i D| bys {Gy Gx py a COR iN): 
= sh {-53, (—y2.) By = 520, (—¥52) Be} 
SRL py + Le Ebe} (19) 
due to (16c) 


Now the commutation relations of the Pauli matrices are 


A A A A SN 


0,0, = —GyG, =16, , 
OyOz = —Oz0y = 10x 4 
6,6, =—6,6, =id, . (20) 


Hence one gets 
5h [2 ,&-p]_ = hos (-id, py +i5,p,) = ih (@,py — Ap.) (21) 


Comparing (21) with (7) we recognize that the component J, of total angular 
momentum indeed commutes with the Hamiltonian. Cyclical permutation of the 
indices results in 


[J, Ab] _ =[J,a&-pl_ =0. (22) 


We know? that J? and any component of J, for example J,, can be simultaneously 
diagonalised with H. The fact that J, but not L and S, provide good quantum 
numbers in the Dirac theory (i.e. that J commutes with Hp) is due to the spin- 
orbit coupling ~ L - S contained in Hp (see Chap. 11, the Foldy—Wouthuysen 
tranformation). It causes a coupling between spin and orbital angular momentum, 
and hence only the total angular momentum is a constant of motion. 


EXERCISE 
9.5 A Dirac Particle in a Spherical Potential Box 


Problem. Establish the solutions of the Dirac equation 


n 


(&- 6+ Bmoc”) W(r) = [E — Vr) or) (1) 
in a spherical square-well potential 


=Von— 0 fi <R 
i) — { ae ae (2) 
0 for r>R 


4 This is covered in detail in W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. and 
in W. Greiner: Quantum Mechanics — Symmetries, 2nd ed. (Springer, Berlin, Heidelberg 
1994). 
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Solution. First we write the operator & + p of kinetic energy in spherical polar 
coordinates. This is achieved by using the identity 
O- en sxe 


= . ° — — —— — 3 
Vee. -(€. V)—e; xe x Wee, 5, A, XY (3) 


with L = —ih(r x V). It follows that 


0 1 - 
a-p= ihe, = eo x L) : (4) 
Making use of 
(@-A)(@Q:B)=A-B+t+id-(AxB) , (5) 


we obtain (with A = e,, B = L) 

d, -(@-L)=e,-L+ib-(e,x b)=id-(e,xL) . (6) 
Multiplying by 

‘\Sa @ : 


from the right results in 


G, (2+ L)=id-(e,xf) . (7) 
Therefore (4) reads 

Qa p= “ina, + Hit L) = -id, (a +5-ER) ; (8) 
where we have introduced 

KR=6(5-L4+h . (9) 


We obtain the eigensolutions of (1) by a separation ansatz, i.e. 


_— f 91) X«n(, 9) 
oon ena (10) 


where the x,,,, are the eigenfunctions of the angular dependent part: 


(co - L + h) Xn = SSX aii ; 
(6 i L ate h) Meany = RN ? 
ear =Tiime » A= Glee See (11) 


[see Example 9.3, (21) and also Chap. 10, (10.30—37)]. 
With the help of the results of Example 9.3, two coupled differential equations 
for g(r) and f(r) follow from (1), namely 


[E — V(r) — moc] g(r) = he E (+. + *) + *) f(r), 


[E — V(r) + moc?| f(r) = he| > + +- + “| 90 ’ (12) 
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Often it is more convenient to use 


m(r)=rgir) , u(r) =rf(r) (13) 
for which the differential equations read: 
da e) = | —& We (E + mgc” — V(r)) 
dr \ ua(r) ¥= (E — moc? — V(r)} 4 
x Ce | (14) 
For constant values of Vo, (14) has the following solutions: 
Cat 


fo =(b 4 Ve) = mc* ps) 
u(r) =r (arji,(kr) + ay, (kr)) 
Ackr 


K . 
u(r) = io eee (arjr_,.(kr) + ary1_,(kr)) (15) 
with 
ae for k > 0 
*“)}-«K-1 for«k<0 °’ 
—K for —K >0 
ae for —K <0 as 
Gout 
koe =o (2 ie) 0 
2Kr 
u(r) = \/ 2a (61K, +41/2(Kr) + bali41/2(Kr)) , 
AcK 2Kr 
u2(r) = hoo (—b1 Ky_,41/2(Kr) + bal)_.41/2(Kr)) . (17) 


The j; and y; are the spherical Bessel functions of the first and second kind? and 
the K; 4/12 are the modified spherical Bessel functions. Their asymptotic behaviour 
is: 


I z” 
Seat 
Yn(Z)—> Qn — Diie"" =" (18) 
vp) 
1 Be 
= In41/2@) ——> zr Qn + bi- : 
uf ge Kotia@e) 9 ~ On — Die" (19) 


5 The irregular solutions y; are also noted in the literature as spherical Neumann functions 
ni. 
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cs eee 
ay int1/2@) a ae ee ) 


ux dl (20) 
a 71/26) eas aan, 


Before continuing, we want to give the representation of the xx,.(7, y) in (11) 
[see Example 9.3 and Chap. 10, (10.32)]: 


xen ~—)= SY) (Indio — mm) Yims PX} m (21) 
m=—1/2,1/2 


1 0 
Ovni) c 


Let us now find the bound states. For these, E > Vo + moc? and —moc? < E < 
moc°. In the inner region of the potential field we must therefore take the solutions 
(15) and set a2 = 0, in order that the wave functions remain normalizable at the 
origin. On the other hand in the outer region we must set b2 = O in (17), so that 
the wave functions are normalizable at infinity. Both solutions must be joined at 
r = Ro. One can eliminate the normalizing constants a), b; by adjustment of the 
ratio u;/u2 at r = Ro. This gives 


Raji, (kRo) 
|K| kRoji_,. (KRo) 


with 


xX 


nie 


a 
2» 


RoK,, 4. 1(KRo) 


E+YV, 2a. = = a 
( ai 9 + moc’) KRoK,__ 4\(KRo) 


(E + moc’) (23) 


and 
ji(KRo) — « k Ki,41:0KRo) EE + moc? 


j_.(KRo) ——|6| K Kj__, 1(KRo) E + Vo + moc? (24) 


with 


hick = /(E+Voy —mic4 , 
hick =4/mect—E2 . (25) 


For |«| = 1 one can further simplify the equations analytically, and for s states 
(«x = —1, 1, = 0, l_,. = 1) this results in 


kRo sin kRo k en E + moc? 


sinkRo — kRo cos kRo ~ Wye e—KRo(] + 1/KRo) E + Vo + moc2 es) 
After some transformations one gets 
Ro E + Vo Se moc2 
tan | ——4/(E + Vo? — mgc4| yf ——— 
E os) moe | E + Vo — moc2 
hie 1 mi moc? — E 
XS |e de |e (27) 
Ro | E + Vo + moc E +moc moc’ +E 


° W. Pieper, W. Greiner: Z. Phys. 218, 327 (1969). 
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Analogously one obtains for p, jo States (K = 1,7, =1, 1_, =0): 


kRo sin kRo _— K 1 E+ Vo+moe? 
sinkRo — kRo cos kRo kK 1+1/KRo E+moc?2 


RoE Va? —mge'] [EA Vo= mee’ 
tan | —4/(E + Vo)? — m2c4| ,{ ——°—__>— 
E ( Ol —iiae | Tay et 


he | 1 in 1 moc? + E 
Ro |E + Vo—moc2 = moc? —E moc2 —E 


and 


=1 


Another form for (26) is (defining a = kRo) 


(moc? /fic)Roy/ 1 — (E?2/mec4) +1 


acota—1= 
1 + E/moc? 


and for (28) one can write: 


(moc*/fic)Ro/ 1 — (E?/mec*) + 1 


ieee ta = 
anaes 1 — E/moc? 


(28) 


(29) 


(30) 


(31) 


From (27) and (29) we can now calculate the energy eigenvalues of s 1 and p 1 
states. If we assume Ro to be small (*9cRo/h « 1), we may solve (27) and (29) 
approximately by expanding in terms of mocRo/h. A short calculation (which is left 
as an exercise for the reader) leads to the following Table 9.1, where n = 1,2,3,... 
labels the states. Similarly, one can find approximate solutions for (30) and (31) 


Table 9.1. Energy eigenvalues for s;/2 and p;,2 states in a small potential box 


E Vo(w = —1) Vo(x = +1) 


ho ont hont 
moc? —— —— — 3ige? — — — moc? 
moc Ro Moc Ro 
h nt hont 
0 ee int + moc? 
moc Ro moc Ro 
h nn h nw 
—moc? —_—— + moc” —— =F 3myc? 
moc Ro moc R 


it 2, 3)... (mocKa/i) < 1 


for the opposite limiting case of a very large potential box (mocRo/h > 1), and 
this is shown in Table 9.2. One sees that the p 1 States are energetically higher than 


22) 
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Table 9.2. Energy eigenvalues for s1/2 and pj, states in a large potential box 


E Vo(q = ~1) Vo(K = +1) 
si (n — 1/2)?n*h? nah? 
is 2moR? 2moRs 
222 ere) 
2 noah A (n + 1/2)°a°h 
: Hee (1 3 ore ile (1 a 2mpc?RE 
aa) A Oe) 
: > non h . (n + 1/2)°n°h 
2 are RR 2 Se ae 
moc 2moc (: + othe) moc (1 ar Amec2R? 


n= 1,2,3,... Qneern/h) 1 


the s states, which can be understood intuitively because of the orbital angular 
momentum / = 1 for the p states. But even for the s states (with / = 0), for a 
given Ro a minimal potential depth Vo is required in order to get at least one bound 
state, in contrast to the one-dimensional problem, where at least one bound state 
always exists. This is due to the fact that for the s state of a Dirac particle in a 
three-dimensional potential well there is an angular momentum barrier due to the 
spin. Indeed, this can be easily seen by decoupling (14), differentiating again with 
constant Vo and reinserting: 


We 1 K(K + 1) 
9g lag [+ vo? - met] - FO} g <0 ; 


; 1 —1 
f'+ ‘7a [(E + Vo)? — mgc*] - es =i (32) 


On the one hand, for s states (ck = —1) the angular momentum barrier is zero 
for the large components. On the other, the equation for f contains an angular 
momentum term, which increases the energy in the three-dimensional case even 
for s states. 

In Fig. 9.11 the eigenvalues’ [found numerically from (27)] for the 1s state in 
potential wells with different values of Ro have been plotted. One sees that for 
(mocRo/h) < 1 as well as for (mocRo/h) > 1 the energy eigenvalue E(Vo) grows 
almost linerarly with Vo. As in the one-dimensional case, we can determine the 
scattering phase shifts of the continuum. For the s waves this can be done with 
little effort, whereas for the waves with higher angular momentum the matching 
condition at r = Ro cannot be evaluated easily. Let us therefore look at the scat- 
tering phase shifts of the s waves. First we have to match solutions of the interior 
region, 


ui(r) =aysinkr , 


pee [E + Vo — moc? (sink 
u(r) = —ay EVs me ep — cos kr j (33) 


at r = Ro to the solution ((Ack,)” = E? — méc*) of the outside region: 


7 From J. Rafelski, L. Fulcher, A. Klein: Phys. Rep. 38, 227 (1978). 


9. Dirac Particles in External Fields: Examples and Problems 


R=0.0207—* 


moc 


u;(r) = bi sinkgr — by coskgr , 


E — moc? 
B= > \ E + moc? 


x E Gas — cos kar =p (= as sinks | (34) 


of of 


Introducing 


(E + Vo — moc?) (E a moc?) 


25 
(Pl es - 


y= 
and making use of the fact that the wave function is continuous at r = Ro, we 
conclude with 

A; = kiRo : LN = koRo 
that 


i 


in A 
b) =a, [1 =. cos A, + ycos A, cos A; 
i 


cos Ay 
Ay 


sin A; 


+ sin A; 


+ sin A; sin A : 


sin A, + ysin A, cos A; 


1 


bz = ay |-1 


sin A 
+ sin A; 2: 


— sin A; cos A, : (36) 


oO 
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Fig.9.11. 1s eigenvalues as 
a function of the potential 
strength for a spherical po- 
tential well. One example of 
the reults for the 2s level are 
also shown 


224 9. Dirac Particles in External Fields: Examples and Problems 


Exercise 9.5. From the asymptotic behaviour of the outside solution one can derive a phase shift 
oO 
uy(r) a al sin(kyr SF 6) 3 


a | E — moc? 
Uy (r) = Eee | cos(ky ar 6) . (37) 


Inserting (36) into (34) and comparing this with (37), one derives the equations 


b 
cos 6 = nae . == (38) 
Aa ay 


and after some algebraic rearrangements the result 


I af 
=—-A, eo t Aj 
6 A tarot ( . + co ) 


te) 1 


he [E+ moc? 
— —k Ro + arccot cot(k;Ro) a5 Ra Boome 


1 1 
eS : 39 
fs € + moc? mom) | Co 


As in the one-dimensional case the term k,Rp is the same for all states and therefore 
this term is usually absorbed into the definition of the phase shift: 


hic | E + moc? 
= arccot ( cot(k,Ro) + Ro E-me 
* : 40 
E+moc2 E+Vo+moc? ; (40) 
In Fig. 9.12 the phase shift of the s states for a potential of depth Vo = 3moc? and 
radius Ro = 10A, has been depicted. Once again the zeros of 6/__, and sin’ 6’ 


correspond to resonances; also resonances in the range moc? — Vo < E < ~moc? 


sin? — 
1.0 


: 


al 1 2 Efmoc? 


Figure 9.12. 

Phase shift sin? 6..__, (for s 
waves) of a spherical poten- 
tial box as a function of en- 


ergy 
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of “dived” s states in a supercritical potential appear. A comparison with Fig. 9.11 
shows that the positions of the resonances are just where one would expect them 
to be by extrapolating the curve E(Vo) of the binding energies. 


EXERC]S EK Se 


9.6 Solution of the Radial Equations 
for a Dirac Particle in a Coulomb Potential 


Problem. Solve the coupled radial equations for a Dirac particle in a Coulomb 
potential and determine the energy eigenvalues for the bound states. 


Solution. The Coulomb interaction energy of a point nucleus and a particle of 
charge —e is V = ~—Ze?/r, so that the radial equations (cf. Example 9.3) for a 
Dirac particle read 


dG_sekK E+moc* Za 

Fe eet Ase 22| Fer) , 

dF K E—mc? Za 

Cry I 
a. | ae a (r) (1) 


where a@ = e*/hc = 1/137 is the fine-structure constant. First we shall examine 
the solution of the equations (1) for small r, i.e. near the origin (r ~ Q). In this 
case the terms with E + moc” can be omitted and one gets 


dG Za 


— +=G-=SF()=0 , 

dr 

dF 

oF Bp Gy) <0 . | (2) 
dr r 


Using a power series expansion as an ansatz for the solution of (2), the first term 
of this series dominates in the region near the origin. This motivates the ansatz 
G =ar” and F = br”. Using this it follows that 


Age) enapi = abr sO) , 

byr?' + wbr?™! + Zaar?' =0 (3) 
or 

ajyt+n)—bZa=0 , aZat+b(y—xn)=0 . (4) 


The determinant of the coefficients must vanish, yielding 


y~an—(Za) , 


ya tle —Zap=ty(j+4)-Z0? . (5) 


Since the wave function has to be normalizable we must choose the positive sign 
for -y. For the negative solution y = —|7| it follows that F* + G? ~ fs —2I7| near 
r = 0, which would yield a divergent integral for the norm if || < 5. However, 
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we should mention that for «2 = 1 and ZaV/3/2 or Z = 118, regular solutions 


with negative y seem possible. Indeed, to have F? + G? ~ r~?V1~ Zay still 
integrable for r — 0, the inequality 2,/1 — (Za)* < 1 should be fulfilled, which 
leads to (Za)” > 3, In Exercise 9.12 we shall show that these “solutions” do, in 
fact, not exist. Here we only give a plausibility argument: these solutions must be 
discarded because of the following postulates: Not only the normalization integral 
i w' Ap dr must exist, but also the expectation value of each partial operator 
within Hp, especially the expectation value of the Coulomb energy: 


a eM es)! 


Note that the usual factor r* from the volume element, according to (25) of Example 
9.3, is already contained in (F? + G?). The integrand behaves like (r+?7)/r dr = 
r+?7—1 dr in the limit r — 0, yielding a finite contribution only if 2y — 1 > —1, 
i.e. y > 0. This, on the other hand, means that only the positive root in (5) is 
physically meaningful. Furthermore one can conclude from relation (5) that for 
states with j + 4 = 1 only solutions up to Z = a~' ~ 137 can be constructed. 
For larger values of Z the root becomes imaginary and the wave functions are no 
longer normalizable. For (Za)? > «”, in general the real part of the wave function 
shows an oscillatory behaviour of the form Re(F,G) ~ cos(|y|Inr) for small r. 
We shall deal with this strange situation later when we treat electrons in the fields 
of extended nuclei and discuss the supercritical vacuum. In order to solve (1) we 
make the following substitutions: 


ye I 5 
o=2\ with A= teks : ) (6) 
c 
With doe/dr = 2X and d/dr = 2Ad/do and dividing by 27 it follows that 
dG(o) KG(o) E+ E + moc? Za 
eee —I|F 
dF(o) _ E- Eaeioc” mee 


Using this form of the equations one can get the behaviour of F(o) and G() for 
0 — ©, since neglecting the terms proportional to 1/0 the differential equations 
(7) read 


dG(o) — E+moc? 


a” One 
dF(0) = E — moc? 
i. one 


Combined with (6) it follows immediately that 


@G(o) ike me) 7 
ic ~ ==ORe G(0) = qo) 
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One gets two possible solutions with G(o) ~ e*/2/2, but only the exponentially 
decreasing one can be used since only this one is normalizable. A similar result 
holds for F(@). This motivates the ansatz 


G(o) = (moc? + E)'”? e-8/?(b1(0) + 20), 
F(o) = (moc? — E)'”” e~®/?(44(0) — da(o)) (8) 


which we insert into (7) to give: 


2 1 d d 
(moc? + E)'” ee? 36 + $2) + ~ + ad 


ia V2 
= = (moc? +B) ? 0/24. + by) 


z eA re 
+ FF + 22] (moc? — 8)" o- 2% — da), 
2 1 
(moc? — Be onde |-36 = Pr 


a E—mc2 Za 5 1/2 oo 
= ae + 2] (mae +E) e~8/?(g, + gy) 


+ ; (moc? — E)'” e-*/2(4, — a). (9) 


an | 
do do 


Dividing by e~°/* and furthermore the first equation by (moc? + E)'/2 and the 
second one by (moc? — E)'/2 yields the result 


— (01 + 6a) + 2 4 
=~ 7 (Gr + $2) + Tue ‘ =| = int — do), 
~ (01 ~ 42) + Ft 
~~ [Fare | (roe os +60) + 8 ~ 09 _ (10) 


On the other hand we have 


(moc? - 12a moc? —E 


(moc? + E)'/? hen 

and 
(moc? +E)" _ moc? +E (11) 
(moc? =r) her 


and therefore 


Pap agl 
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dd; doz 
— (1 +n) + + 
K E+me? Za (moc? Se 
= ers + $2) + Ee - 22 > 0 G2) 
1 a doz 
Se) tare, 
E- zZ + E 
=~ me, 20 we cx Pit O)+ i - db). (12) 
2her O 
Adding both equations of (12) yields 
d 
= ol dt 2 
do 
2K Za (moc? — E) 
= ~Fie Ort Sane — $2) 
@ moc’ + E 
Za (t+) +2) , (13) 
oO her 
whereas by subtracting them we get 
d 
= 2 + 1 
Za (moc* — E | 
een Leger 
Za(moc’ +E 
3 ta) a ee (14) 
Summarizing all this yields 
doi _ Zee kK  Zamoc? 
do (a a) a. & heXp eo 
d¢go_ ( K , Zamoc* ZaE 


In order to find the solutions for ¢; and ¢. we make the ansatz of a power 
series expansion. Separating out a factor 9’, which describe the behaviour of the 
solution for 0 — 0, we write 


$= Decker, <x or Sono? s. (16) 
m=0 m=0 


Inserting this into (15) yields 
Som + yomet™! 


= iano - 5 on ont 1 
7 («+ aie =) > Bag! (17) 
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> Bim + yore! 


Zaumgc* ao Ee ZaE m+y—1 
(-«+ - ) Lane ee Bap 


Comparing the coefficients we conclude that 


Zak Z 2 
Om(m + Y) = Amn—1 — = —On — («+ salle ) br ; 


hicxr her 
_ Zamgc? ZaE 
Bm(m + Y) = ( K+ fod ) ov Om : (18) 


From the second equation of (18) it follows that 


Bm _ ~K& +Zamoc?/ficX — K— Zamoc?/hcr 


On m+y—ZaE/hcdh — n'—m : ~ 
with 

7 ZOE 
For m = 0 one gets 

Bo _ K — Zamoc*/her = K —(n! + y)moc?/E (21) 


Qo n! n! 


Inserting the result (19) into the first equation of (18) yields 


ZaE Zamoc? « — Zamoc*/hcr = 
om|m tat Gey + ac ~~ aoa) 


or 


Zratimnec 


an | (m+ + 52 aoe) on — m) +02 - Fe =n. =n). (23) 


We calculate both brackets on the Ihs of (23): 


ZOE ZaE LAE 
(m Bey 08) (Fe =m) = ~2my - m* — + a) , (24) 


with 7? = x? — (Za) and it follows that 


ZaE\? (Zamoc?\? 
am | —m(2y +m) + (Za)? + (Fe> ) -( a) | 


=1Gn-1("8 =m) , (25) 
which can be further summarized as 
ee ee =) 
oe ym) | ye 1). 207 +m) 
Pe t = / — / 
2 Usp We )i.0e(M oe . (26) 


miQy+1)...2y+m) 
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According to (19) @,, is found to be 
(« — Zamgc?/her) (—1)™(n! — 1)... (n' — m) 


a Neti Mi eee (27) 
B n' —m mi(2y+1)...2y+m) ° 
Using (21) this yields 
n'(n' —1)...(n'-—m+1) 
a = (—1)° d (28) 
fe MMe ere 
This power series turns out to be the confluent hypergeometric function 
a Gia 1x 
eee ) xe 29 
EDC) era Co 
We thus find that 
oy =ap0’F(1—n',2y+150) , 
¢2 = Bog’ F(—n', 27 + 1; @) 
_ D 
= (SE) aoc (ns 24 130) 0) 


In order that the wave functions remain normalizable we must require that the 
series for ¢; and ¢2 terminate; thus the hypergeometric functions have to be simple 
polynomials. This can only be achieved if n’ is a non-negative integer, i.e. n’ = 
O12 ee 

We define a principal quantum number 


n=n'+|xKlJ=n'+j+h , n=1,2,3,... . (31) 


With this we can calculate the energy eigenvalue from (20) of this example and 
obtain 


gee ee Se 7 eee (32) 
(mic4 — E2)'? 2 
and consequently 
é 2 7 
[(Za)? + (n—j - } +)’| B® = moet (n - ae (33) 
ye: 
2 

(= : : Wye 

pi - 441044) - Gay" 
P13 
eee (fy) cela ee (34) 


The negative sign in (34) must be excluded because, for positively charged nuclei 
(Za > 0), negative energies E do not fulfill the original equation (32), since its 
rhs is positive. We therefore write the negative sign in (34) in parenthesis, and we 
thus obtain the Sommerfeld fine-structure formula for the energy eigenvalues of 
electrons in atoms with a Coulomb potential and point nuclei. 
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Finally we want to quote the complete expression for the radial wave functions. 
Here the wave functions are normalized according to the prescription i wipdV = 
1, which explicitly implies for f(r) and g(r) that 


i Geto ire dr = 1 2 (35) 


This leads to the final expressions for the normalized radial wave functions 8 
a +(2A)3/? 


f(r) 7 PQy +1) 


(moc? + E) I(2y +n’ + 1) 
SS ay Ae a ae 
le (epee _ r) aa 


fi 23 
x (2Ary7-! a4 (St pine 2 r) F(—n',27 + 1;2Ar) 


x 


tn'F( —n',27+ 1:27} : (36) 


EXERCISE Se 


9.7 Discuss the Sommerfeld Fine-Structure Formula 
and the Classification of the Electron Levels in the Dirac Theory 


Solution. In the preceding problem, for the electron eigenvalues in a Coulomb 
potential we derived 


~1/2 
2 
Jn-j-}+ +4) - Gay] 
n'=n—j—-—t=n—|n| , 
fie—allinpe So .. - 
F=D93- (1) 


The energy eigenvalues thus only depend on the principal quantum number n, on 
|«| and on Z. For a vanishing potential (Z = 0) the energy eigenvalue is +moc?. 
The bound electron states thus adjoin the continuum of positive energy beginning 
at +moc’. This is plausible because, due to a “switching on of the potential”, that 
is, due to a continuous increase of the coupling strength Za from Za = 0, electron 
states from the positive energy continuum can be “pulled” into the energy gap 
between moc? and —moc?, thus becoming bound states. The limit of ionization of 


8 The integral of normalization can be derived by a lengthy but clearly stated calculation. See 
W. Greiner: Quantum Mechanics — An Introduction, 3rd ed. (Springer, Berlin, Heidelberg 


1994) Chap. 7 (Exercise 7.1). 
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an electronic atom is obviously moc7, and the ionization energy of an electron in 
the state n; therefore reads 


(Za)? zo 
2 —— et | 
[n — |x| + /n? — (Za)? | 


Ejxoniz = mf = 


Il Gaal ee 
~ 2 eee 2 
moc*(Za) im IF m3 (7 TE ; (2) 
which is equal to the negative binding energy, i.e. Eping = —Fioniz» We draw 


attention to the existence of bound states even for negative nuclear charge Za < 0 
with energies corresponding to the negative of the solutions for Za > 0. This 
seemingly paradoxical result will be explained later in connection with charge 
conjugation in Chap. 12. 

For states with j = 1/2, energy values can be calculated up to Za < 1, ie. up 
to Z ~ 137; for j = 1/2, n = 1 we have 


2 (Zay ae 2 
E = moc 1+ 7 F242 = mc*V 1 — Z2a2 


Za = 1 yields E = 0 or Eping = E — moc? = —moc?. With increasing Z the 
absolute value of the binding energy also increases, as it should do. The “slope” 
dE /dZ approaches infinity for this 1s,/ state (n = 1,1 =0, 7 = 1/2) at Za=1, 
while for Za > j + 1/2 the energy becomes imaginary. Thus it seems that there 
exist no bound nsj;/2 or npj;/2 states for point nuclei with charge greater than 
Z = 1/a = 137. This strange result can be understood in connection with the 
supercritical phenomena as a collapse of the vacuum; a new, fundamental process. 

To calculate actual numbers, we replace moc? by the electron’s rest mass 
moc* = 0.5110041 MeV. For n’ = 0 the confluent series terminates only for 
kK <0. For k > 0 they diverge even for n’ = 0. It thus follows that 


ae O12 ore 0 
Sikes... eine 0 


E — moc? eel Zale e 5) 
ey eee Se 
moc2 ( a) {5 oF 2n3 j a 7 An (3) 


The degeneracy of levels with equal |x| but different /, already stated previously, 
remains unaffected. The first term in (3) represents the Bohr formula for the energy 
levels of the atom calculated according to the Schrodinger equation. Accordingly, 
relativistic corrections for the energy levels in a Coulomb field are of the order 
(Za)*. These corrections are only significant for small principal quantum numbers 
and in heavy nuclei. Furthermore we note that the relativistic wave funtions f(r) 
and g(r) show for |k| = 1 a weak (but quadratically integrable) divergence at the 
origin r = O, in contrast to the nonrelativistic case. The states are classified in 
complete accordance to the levels of the hydrogen atom (Z = 1), as summarized 
in detail in the following Table 9.3. Table 9.4 shows the binding energy for the 
Is;/2 electron as a function of Z. The situation is illustrated in Fig. 9.13. 
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Table 9.3. The classification of bound states of the electron according to the Dirac equation 


for Z = 1 (hyrogen atom) 


Notation n I j n' K EnmapeV 
Isi/2 1 0 1/2 0 -1 ~13.606 
2s1/2 2 0 1/2 1 -1 -3.402 
2pij2 3 Ie 2 eg 1 —3.402 
2p3/2 2 1 3/2 0 -2 3.401 
3512 30 We 2 =1 -15p 
3p1/2 cae Wee 2 1 1.512 
3p3/2 3 1 3/2 1 -2 —-1.512 
3d3/2 Ope 3ize 1 2 1.512 
3ds/2 Bee2 S28 0 82-3 HT 
451 /2 4 0 1/2 3 -1 -0.850 
4p 1/2 4° 1) 1/2 3 1 0.850 
4p3/2 4 1 3/2 2 -2 -0.850 
4d3/2 AD eters? 2 2 —0.850 
4ds 2 4 2 5/2 1 -3 —0,850 
4fs/2 AO 39/2 eal 3 —0.850 
4fip A eee 0850) 


Table 9.4. Table of binding energies for 1s;/2 electrons as a function of Z according to the 


Sommerfeld fine-structure formula 


Z Epina/eV Z Evina/eV 
10 —1 362 80 —96117 
20 —5 472 90 —125 657 
30 —12396 100 —161 615 
40 —22 254 110 —206 256 
50 —35 229 120 —264 246 


60 —Siloo 130 —349368 
70 —71699 137 —499288 


a 


E{keV] 
3 4p positive energy continuum 
moc = ee 
ee ane 
es 
a bound 
a eae ene ae ae ae ee DP PPP Pre ALOALA ALA 
oO 0 50 100 37 SiG; 
fs states 
moc ANA a ND 
{) negative energy continuum 
—1000 


Exercise 9.7. 


Fig. 9.13. The solutions of the 
Dirac equation for an elec- 
tron in a Coulomb central 
potential: ... for point nu- 
clei (for sj/2 and pi/2 exist- 
ing only up to Z = 137), - 
for extended nuclei (see Ex- 
ample 9.9). The supercritical 
case Z > Zerit & 172 will be 
discussed later in detail 
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9.8 Solution of the Dirac Equation for a Coulomb and a Scalar Potential 


We shall solve the Dirac equation for a mixed potential consisting of a scalar 
potential and Coulomb potential. Both cases differ in the manner of coupling into 
the Dirac equation. In the case of the Coulomb potential minimal coupling is used as 
usual, whereas the scalar potential is added to the mass term of the Dirac equation. 
Therefore it can be interpreted as an effective, position-dependent mass. In the 
same way that the Coulomb potential is derived from the exchange of massless 
photons between the nucleus and the leptons orbiting around it, the scalar potential 
of the form V, = —a’/r is created by the exchange of massless scalar mesons.” The 
o-meson frequently quoted in the literature has a very high mass and therefore the 
corresponding potential has a very short range. Our investigations concerning the 
potential V2 and its influence on the energy eigenvalues can therefore be regarded 
as a model study. The scalar potential can be interpreted as a Newtonian potential 
of the form V. = Vy = GMomo/r = —hcal /r. 
For a mixed scalar and electrostatic potential, the Dirac equation thus reads 


[c&- P+ B (moc? +V2) -(E-V;)]}p=0 . (1) 


With the assumption of spherical symmetric potentials, we can again derive the 
coupled radial differential equations in the usual way: 


dG K 1 
Ae Ce Pro va ’ 
dF K 1 2 
gee ee — V, — Vi] G(r) a (2) 
Defining 
f} 
Vi=—he= and Vo = —he— (3) 


with a and a’ being the electrostatic and the scalar coupling constants, respectively, 
we get 


dG K E+moc? 1 

peta eS Se fe ee 

dr r cy | hic a ao a ) fs 

dF ek E—moc? 1 j 

a oe a [Fee at lata ] Gao. (4) 


In the subsequent calculations we follow a very similar procedure to that used for 
finding the solution of the Coulomb potential, so that it is not necessary to repeat 
every single step in detail (see Exercise 9.6 and 9.7). We first consider the region 
r ~ 0, where the constant terms proportional to mass and energy can be neglected: 


° For a more detailed discussion, see W. Greiner, J. Reinhardt: Quantum Electrodynamics, 
2nd ed. (Springer, Berlin, Heidelberg, 1994). 
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2 el B® 5 

dF ok (a+ a’) 

op (5) 
The ansatz 

G-@ jf —br’ , (6) 
yields 

ayr?' 4+ «ar?! —(a—a')br71=0 , 

byr? — wbr?! + (a + oar?! =0 (7) 


or 
a(y+«)—b(a—a’)=0 , 
a(at+a’)+b(y-—K)=0 . (8) 


These are two linear homogeneous equations for a and b, and the coefficient 
determinant yields 


eno +a? 
or 
y=tVK2-aP+a? . (9) 


To allow for the normalization of the wave functions, we again choose the positive 
sign for y and introduce the substitution 


ee ee ce 0 
o=2dr wi = 2 


10 

The differential equations thus have the form 

dG __* E+ moc? | (a~2') F i, 

do a) hc2r Q 

dF E—moc?  (a+a’) K 

— = — | ——— G+-F , 1B 

do hce2X % 0 an) 
which with the choice of 

G = (moc? + E)'”” e-*/(b1 +42), 

F = (mc? — BE)” 0° ($1 — bo), (12) 


leads to: 


— 5(b1 + G2) + ~ + ae = 5 (61 + on) 


E + moc? (a=) mF moc? 


hod 7 Ti @2) , 


— 
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; 1 doi  d¢2 
Example 9.8. oom SL ae 
A 2) + io WE 
E-—moc? (a+a’)] moc? — 
- | += 
7s wal |" a ee) bt $2) 
Adding and subtracting the equations eee 
2d Bs a — a’) moc? 
~o1 + Ot = 78g, 4 gy + C—O TE i ea 2) 
do Q 
+ a’) moc a2 ; 
lote)me se (¢1 + $2) 
Q 
and 
2d 2k a-a Cc 
=p Sy, 
Q Q Q 


,@ +a’) ae : E 
Q 
respectively. We now collect terms and obtain: 


rl a $2) ’ 


dd; aE a'moc? K  amoc? aE 

aa | | — ee Beg) (eta see sale ye 

do ( ip Mp) lo TOS 

dd K Quoc aE almoc” 

eS = ee : 13 

do ( @ a heAp a) a (ee a heXp 2 ae 
For ¢; and ¢2 we make the power series ansatz: 

Gi 2" ) Gna ey $218 Saas (14) 

m=0 m=0 


and insert them into the differential equations, giving 


) (m + Y)Qm 0 I 
aE S- a’m C2 } 
hc Acer : 


7 amyc2 eet 
(+ ee +5) Dine a 


S = Bm(m + a 
~ (-n+ Z as =~) Samo t7- 1 
aE ne ae aa 
a ane yee (15) 


A comparison of coefficients yields 


aE — almoc* 2 @s 
Om (m + Y) = Om—1 — (+ es) On — (1+ Se +e) Bm 


2 i / 2: 
aia amoc aE OE a’ Moc 
Baim +7) = ( K+ hicd aot kaka| + Re) H (16) 
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AST 


and from the second equation we get 


Bm _ _—K +. amgc?/hicd + a'E /ficd 
Om m+7—aE/hcr —a'moc?/hcr 
im 2 he — oe 
_f* — ae aE /hcx - ati (17) 


! 2D 
PERCE | (Ounigc 


hex Acxr 
As in the case of a pure Coulomb potential, this is the equation for determining 
the energy eigenvalues. Only for n’ = 0,1,2,... do the resulting confluent hyper- 
geometric functions for the wave functions degenerate to polynomials, and we get 
standing waves. 

Defining 


n = 


i Si ee eas Vs ee 


we get 
aE + a! moc? el 
og FSH : (18) 
(m2c4 — E?) 2 
0 
which leads to 
[a +(n-j—f+ 1] E? + 2aa'moc*E 
= moc’ (n—j —$+ 7) —a”mc* 
or 
2aa! moc? 
E? 4 —_ 
2 pee eee | 
ar + (n 2 3a) 
12 : i 2 
gy 
a eee das i ae Hie % (19) 


a +(n—-j—447)° 


Finally we obtain the energy eigenvalue 


gala apt eres). 
— Tine Seq SSS a ar 
a ae 
2 oe el 241/2 
wait) fee (20) 
a5) 


Let us now consider several special cases: 


(1) 
G05) Y= ane 
q’2 
E = +moc? 1—- 
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Obviously there exist two branches of solutions in the bound region: the solutions 
for positive and negative energies exhibit identical behaviour, which reflects the 
fact that the scalar interaction does not distinguish between positive and negative 
charges. The order of the levels is striking: 15,/2, 2p3/2, 251/2 and 2p; /2, 3351/2, 
and so on. For a’ — oo, E approaches the value E = 0 (see Fig.9.9 in Exercise 
9:2). 

States with negative energies correspond to antiparticles. The particle and an- 
tiparticle states approach each other with increasing coupling constant, without 
touching. Critical behaviour, as in the case of the Coulomb potential, does not oc- 
cur; the Dirac vacuum remains stable in the case of scalar potentials (see Exercise 
O12): 


(2) 


2_ g2 : 


1/2 
ee / 


(n-j-44+7) 


= Wan See 


E = moc? [ oe 


We have here to choose the positive square root, because in the case of very weak 
fields the electron states dive from the upper continuum into the region of bound 
states. Furthermore the negative square root yields a contradiction to (18). The 
obtained result is, of course, identical with Sommerfeld’s fine-structure formula 
(see Exercise 9.6 and 9.7). 


(ia =a. 
This yields y = |k| andn —j —$+y=n. 
P ,| a? P a4 noe 
STNG —_—_—__— —_—_ CFO 
©) ot +7? (a2 +n?)2? a2+n? 
>) —a? at —at+n? 
= Moc 


—— +, | - 
ane (aes ne ie 


2 
—a n 
= moc? meat > aes 
QP sp ip) a’ +n 


2 
The negative sign would seem to yield a solution Ey = —moc?, and the large and 
the small component in the potential term of the Hamiltonian decouple. However, 
this is an invalid solution, because E = —moc? contradicts (18). For the positive 
sign, it follows that 


2a? 
ae < | 
{ za} 


For a —+ oo, E approaches the value —moc” asymptotically, but the state never 
dives into the negative energy continuum. For n = 1 and a = 1 the energy becomes 
zero. 
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9.9 Stationary Continuum States of a Dirac Particle in a Coulomb Field 


Again we start with the coupled radial differential equations for F and G: 


dG K E+mc? Za 

ot eee cay =e Sealey 

dr "4 hic ‘ | i 

dF kK E—mc? Za 

pape pe Se 1 

Gone ho | ae » 
and perform the substitution x = 2ipr, where 

Fo 221 1/2 
we Eee _ 5 | (2) 
he 

With dx /dr = 2ip followed by the division by 2ip, one gets 

dG_sek E + moc? Za: 5 

i «x 2iphe x 

dF K E-—mc* Za 

oe ly piel | ese rca, ee | ed 3 

dx 1% | 2iphe Bs ©) 


For F and G we make the following ansatz: 


(a) for positive energies E > moc’: 


G = VE + moc*(o1+ $2) , 
F =iV/E — moc2(¢1 + ¢2) (4) 


and (b) for negative energies E < —moc’: 


G = V—-E — mec*(¢, + d2)  , 
F = —iV/—-E + moc?(¢1 — $2). (5) 


Inserting (4) into (3) and dividing by WE + moc? and i\/E — moc’, respectively, 
yields 


dd; , ddo 
a) de 
E 2 Za] iVE — moc? 
=~" 061 + 6) + [FRE 4 FO] Eo, — 
x 2iphe x E + moc? 
do _ dda 
dx dx 


= “(by — 2) ee CY ©) 
a : 2iphe X J iE — moc? 
Analogously, inserting equation (5) into (3) and dividing by /—E — moc2 and 


—i,/—E + moc?, respectively, yields 
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dd, _ dd2 
Example 9.9. “ee = rie 
2 = 
= 2, + 0) [RERE 4 20) COV Eee De 
x 2iphe x PY Gea ie 
Beye 
dx dx 
_ ik E—moc? = Za] if—E — moc? 
= ra =—3) — ae er 22] =a (g, +2) . (7) 


Let us now consider the factors on the rhs of (6): 


E + moc? 22) i (E — moc?) _ i(hep? | Za iE — iZamoc? 


1 MOG 6 oe 


E — moc? , Za (E+ moc”) _ —(he)*p? Za E — Zamgc? (8) 
2iphc ix ihcp —-.22p*(hic)?_—s x. ihep iicp —~ 
Adding the equations in (6) and division by 2 yields 
dor _ iZaE iZamgc?” 
= —_——- : 9 
eS ~ $s + xo ee nee es Thee 2 (9a) 


Similarly, subtracting the equations (6) from each other and dividing by 2 we get 


d¢2 K iZ amoc” P iZaE 


dx ea me hcpx v1 Acpx 


oo ; (9b) 


or together: 


dg: [1 4 iZakE kK  iZamoc? 
dx =(5+ a) o+ (- ou xhep ) 6 


dor _ kK iZamoc? 1 iZaE 
(EM aa (4B 


The factors on the rhs of (7) yield 


e + moc? a (-i)\/E?—mgct , _Zo(—iphep 


2iphe a —E—mgc® = 2 ~ (E + moc?) x 
E — moc? 4. =| E? — mgc* 7! mn Zahcp 2 
2iphc x }i(-—E+moc?) 2 x(-i)(E — moc?) * oe 


Addition of the equations in (7) followed by division by 2 leads to 
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dd: ok, 1 
mee Ol 
iu iZ ahcp Zahep 
a} c + moc?) x x x(-i) (E — mal o1 
1 | —Za(—i)iicp Zahcp 
Ae e + moc?)x * x(<)(E — moe?) | @ 
= = + 51 


1 | Zahcp (E — moc?) + Zahep (E + moc?) 

(—i)x (E2 — m3c*) 4 

1 | —Zahcp (E — moc”) + Zahcp (E + moc?) 

| eMC S (eo ae 
—ix (E? — mgc*) 


iZaE iZ amgc? 


= — $y - x1 ate er es SHED eA (12) 
and analogously, the difference of Eqs. (7) yields 
d¢2 iZamoc? iZaE 
— = ——¢; — =¢2. —- ———- ¢1 - —— : 13 
a ~$1 2 ae 1 ee 2 (13) 


Comparison of (12) and (13) with the system (10) shows that both systems of 
differential equations are identical, and that for positive and negative energies we 
have to solve the same system of differential equations. 

Now we consider the complex conjugate of (10) (x is purely imaginary): 


dot 1 iZaE Kk iZamoc’\ ,, 
ee rte) tere) 


doy kK iZamc?\',, es iZaE 
= (: ThE. Jor+(G+E =) 63 . (14) 


Equations (14) are identical to (10) if we set 


og = > or 2 = On . (13) 


This is the necessary condition for G and F to be real-valued functions and thus 
to describe standing waves at infinity. We now eliminate ¢2 from the system of 


(10) to give: 
iZamoc? =) dd, 1 aes iZaE $ K + ome 
i xhep dx hcpx x xhep 


bo = (- 
x 
hepx dé 1. 71268 hicpx 
= —Khcp +iZamgc2 dx € ‘Zoe —Khcp raga (16) 
hicpx dg 
~ iZamoc2 — Khcp dx 
1 Acpx 7 iZaE ii 


~ 2iZamoc? — Khep iZamoc? — Khcp 
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Example 9.9. , and calculate its derivative 
dd = hep dd hcpx d’¢, 
‘dx iZamoc2 — Khcp dx | iZamoc? — Khcp dx? 
1 hep 1 hepx dd 
~ 2iZamoc2 — khep”' 2 iZamoc? — Khcp dx 
iZaE dd, 


= eee 13 
iZamgc? — Khep dx [see (13)] 


khcp + iZamoc? 1 iZaE 
(Se) 9 


hepx 2 ~~ Repx 
hcpx dg; 1 iZaE 
. (some — khep (Z a 54] ~ iZamoc? — aa") _ 


This yields 


hepx dd, hep —iZaE dd; 
iZamoc2 — Khcp dx? iZamoc? — Khicp dx 


iZaE dd, 1 hep Ae “¢ 
iZamgc? — Khep ‘dx  2iZamgc? — Khep 
iZamoc? iZaE 
+ Se SS 
Acpx a1 2 (iZamoc? — Khcp) v1 
2 (iZamoc? — Khcp) 1 hepx (iZamgc? — Khcp) 
1 hcpx 
~ 4ammac? — whe - 
To summarize: 
d2¢, 1d¢; K (iZ amgc? — Khcp) 
ae Et tg, ; ey 
dx Meee DX x Acpx 
iZamoc? (iZampc? — Khcp) F iZaE 
(ficpx)? 2hcpx v1 
iZaE (ZaE)? 1 
Dhepx ~—— ¢1 + Ware i ole = (19) 
d*¢,  1dd, iZamgc?k 
ota Sb i lien nea xhicpx2 aa Oli 41 
i, r (iZamoc? sia 7 PEC SERTT 
At eee (hepxy? 
iZ QE (ZaE)* 
and finally 
d’¢;  1ddy ams iZaE 


Se a eee ee) 
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Rewriting (21) leads to 


d? ld 1 1 i 2 
ih pi (5+ 5) 2+F]o.=0 . = 


dx2 x dx 


4 


2 | hep 
where 77 = x? —(Za)’. It is sufficient to know ¢}(x); then $2(x) results from (15). 
To solve the differential equation (22) we substitute 


Wee x? o. , (23) 


and a second-order differential equation for ¢; results: 


d -1/24dW 1 3/2 1 12dW 1 
eee ly: pete ee W a al peat AE ey 
2 == : x ae we W 


dx dx 
1 il Wee \ II 4? 1 
Lee (EO Vee laa 
G+ (s+ 95) t+3) We— 0 
Therefore, 
L 3dW ap GW 3 si 1 _3/.dW 
goer Ree ee ar 
dw 1 
S203 -5/2yy 
+X re 
il i Wore \\ 4 a 1/2 
a+(5+ ae) e+ S| Va) 
so that the final result reads 
d?w 1 1 iZaE\1. 7-1/4 
— — |— — + —— } —- + ———_ | W(x) =0 .. 4 
a2 a+(5+4)o+ 2 | (x) (24) 


The regular solution (at x = 0) of the second-order differential equation, in which 
there appears now no first order derivative, is the Whittaker function® 


W_ lyst /a ye) =x eR +1 +iy,27+15x) , (25) 
with 
Zak 
y= We (26) 


Thus, [and with (23) and (2)], ¢; becomes 
bd, = N(y tiy)e(2pr)’ ee?" F(y + 1 + iy, 27 + 1; 2ipr) 
=N(y+iyle"Qpyor) , (27) 
where we have introduced the phase 7, which has to be adjusted to make ¢@2 = $j 


valid. Now we rewrite the first equation of the system (10): With x = 2ipr and 
d/dr = 2ip d/dx then 


10 See, e.g. M. Abramowitz, I.A. Stegun: Handbook of Mathematical Functions (Dover, New 
York 1965). 
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: : > 
Example 9.9. ; dg: _(,, , iZaE _k , iZamoc ) 
dr (ip " hepr Gigs r BF hepr 2 
Inserting ¢, of (27) into (28) yields 
er d 
iG ineapy SO 
= (ip + FEE) wert innerapyretr 


+ (-¢ + ee | N(y — iy)e "(2p)" 6" (r) 
a hepr 


Solving the equation with respect to e!” produces 


jen Bee) Sei) 
7 — ly r hepr g* dx 
yt+iy (ip+iZaE/hcpr) 6? 
~ y =iy (—K/r + iZamoc?/Acpr) o* 
a a —rhep 1 dd 
7 Gy ae + iZamgc? o* dr 
ihcp’r+iZaE 
—Khcp + iZamoc? £ 


Also 
ihcp*r + iZaE hep(ipr + iZaE /hep) 
—Khcp + iZampoc? 7 —hep(k — iZamoc? /hcp) 
—ip(r + ZaE)/hcp? 
K — iZamoc?/hcp 
—ipr(1 + ZaE /hcp?r) 
kK — iZamoc* /hcp 


holds. Thus it follows that 


ear? 


ea te ee E oe (1+2) 


y — iy K —iymoc?/E 
and in accordance with (27) we have 


pr) = rTe-P F(y +1 + iy, 27 + 1; 2ipr) 


(28) 


(29) 


(30) 


(31) 


(32) 


(33) 


Hence we may apply the following relations for the confluent hypergeometric 


function 
d a 
—F(a,c;x) = —F(a+1,c+1;x) 
dx CG 


— — here sealneeie F (Gere) 


? 


e/ Fy +1 + iy, 27 4 13x) = e/2F(y — iy, 27 + 1;—x) 


xF(a+1,e-+-1;,x) =c[PG@el cx) ee) 


’ 


(34) 


(35) 
(36) 
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and obtain 
o* = Veh F(y +1 — iy, 27 + 15 —2ipr) 
= rte"? F(y + iy, 27 + 1; 2ipr) (37) 
and 


d¢ ey) aa : . 
7) ae ee ys ay ee) 


+ F(y +1 + iy, 27 +1;2ipr)e7” (yr?! — ipr7) 
_pr | Y+tl+it—2y-1,. . . 
apple’ |—_——— _ 9) : 
| ae ipF (y + 1+ iy, 27 + 2; 2ipr) 


+ 2ipF (y + 1+ 1y,2y + 1; 2ipr) 


+F(y+1+iy,2y+ 1; 2ipr)e"?” (qr?! = ipr”) 
ay, iy VF: —ipr 5 x 
es Jad Y9 ip : 
a 17 2pe F(y +1 + iy, 2y 4+ 2; 2ipr) 


+ F(y +1 + iy, 27+ 1; 2ipr) (ipr? ee” + yr he”) 


ay iy y-1 ,—ipr 
= 2 1 
a alae 


x [Fy +1 + iy, 2y + 1 2ipr) — F(y + iy, 27 + 1; 2ipr)| 
4 F(y + 1 + iy, 2y + 1;2ipr) [ipr? ee” + yr?" | 
= iyr?—!e—?" F(y + 1 + iy, 2y + 1; 2ipr) 
—(—y + iy)r?! eo  F(y + iy, 27 + 1; 2ipr) 
+ ipr? e?’ F(y + 1 + iy, 27 + 1; 2ipr) 
= ert" (iy + ipr)F (y + 1 + iy, 27 + 1 2ipr) 
~—(-y7 t+iy)F(7 + iy, 27 + 1;2ipr)| (38) 


Now we state that 


r_ {dd/dr — ip( + y/pr)el _ (39) 
+ — iy ¢* 
or 
re — iprd — i =¢(y-iy) ; (40) 


which can indeed easily be proved: 
(iy + ipr)F(y + 1+ iy, 2y + 1; 2ipr) — (-7 + iy F(y + iy, 2y + 1; 2ipr) 
— (ipr + iy)F(y + 1 + iy, 27 + 1; 2ipr) 
= (7 —iy)F(y +iy,2y+1;2ipr) , ged. (41) 


From the statement (39), the phase (32) follows as 


_: 2 
e2in — amen (42) 
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Example 9.9. For the radial functions of equations (4) and (5) we may write 
G = C\N(2pr)’{(y + iy)e Ph HF (y + 1 + iy, 27 + 1; 2ipr) + ec.) 
F =iC,N Qpr){(y + iy)e PHF (y + 1 + iy, 27 + 1; 2ipr)—c.c.} , (43) 


taking (27) and (15) into account, (by c.c. we mean here the complex conjugate) 
where 


/E + moc? for E > moc? 
C\ = ae (44) 
\/ —E — moc? fore = —mje- 
E — moc? for E > moc? 
oe : (45) 


/ —E + moc? for E < —mgc? 


Let us now determine the normalization factor N. We normalize the continuum 
wave functions with respect to the energy axis, i.e. to delta functions of energy: 


/ Protie =6(E'-E) . (46) 


Furthermore, we assume that for r — oo 


G =AC,cos(pr+6) , 
F = —AC) sin(pr + 6) (47) 


holds. We will discuss the proof of (47) later on. According to (4) and (15), for ¢ 
this means that 


oi = SAexp [i(pr+4)]_ (48) 


Now we show that for 
(49) 
the normalization condition (46) is fulfilled. Indeed, for E > moc? it follows that 


le 2) 
/ dr { / E + moc? = [eter Je Ciena 
0 VTP 


2 


1 I 4 ‘ . / fa 
x VE! + moc? [ete r+6) —i(p'r+6 | 
0 Re +e 
ay i(pr+6) _ ,-ilpr+6) 
moe? 7 [e e | 


] a / 2 / / 
ee? Ee r+8) _ g-ip’r+6 | 
o 2/ Tp! ; 
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1 
=5/. ar] VE rit VE moe ae as one 


x [elt yr+6+6' a elle—p \r+5—6' ei’ —p)r+6'—6 ec rae 


— VE —moc2VE' — moc? 


is weyr 
. Es — ei—p'+ 6-8" __ gilp'—pyr—5+6" oan | } 


-5|vé + moc2\/E! + om [d(p — — p')+ 6p — p’)] 
+ VE — moc?! — moe? om [6@ - p’) + &(p — P’) | 


E = 
E , E&E-E') ES&(E-E') 
= hin — — eee 2 eee 
p PP) FE p Elp 
=6(E—E’) , (50) 


where we have set 
P=VE2— moc? . (51) 


The derivation of relation (50) is only valid in a strict sense if the phase 6 does 
not depend on r. Moreover, the following relations for the 6 function were used: 


=f. e dk =6(x) , (52) 
6(—-x)=6@) , (53) 
f(x)b(x — a) = fax —a) , (54) 
5 [p(x') — p(x)] = =) (55) 


|dyp(x rape 


6(x) = 0 for x > 0. The result (50) is also valid for E < —moc?. In order to 
describe the asymptotics of the functions (43), we apply the asymptotic behaviour 
of the confluent hypergeometric functions for r — oo: 


F(a,c3;r) > 5, ce (56) 


Thereby from (43) we obtain for r — oo that 

Gaia. | 
I(y+1+ 1) 
Gs iver 
r(y+1+iy) 


G =C\NQpry' Ty +1) (2ipr))-7 + cc, 


F =iCQ,NQpry'TQy+}) Gipry? — cc; : (57) 
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Now we perform some transformations: 
ete ina) 
For z =x +iy =re?, Inz =Inr +10 = Ini = if and it follows that 
iat ene ee (58) 
Analogously one gets 
Qipr)” =e > z = iy In(2ipr) = iy (Ini + In(2pr)) 
=iyi= +iyln@pr) , 


(2ipry? = e7 7/2 ely err), (59) 
Furthermore, with '(z + 1) = zI’(z) one calculates 
ar ty 7 1 ” 1 
Tyt+itiy) Patiy) |Fo +iy)leieror) 
eta P(ytiy) 
~ |Pot+iy)l 
With that the radial functions from (57) have the asymptotic form (47). In doing 
so, one gets 
1 We /?TQ2y +1) 
VTP Py + iy)| 


The normalization constant N is fixed by this equation. For a phase 6 we obtain 


(60) 


(61) 


6 =y InQpr) — arg I'(y + iy) — = ee (62) 


This is the Coulomb phase, which is already known to us from the nonrelativistic 
problem. Thus, the final results for the wave function are 


ame C\(2pry? e”/2|T'(y + iy)| 
Unpy?2T 27 + 1) 
x fe PrHiNy + iy) F(y + 1 +iy,2y+1;2ipr)+ec.} , 
_ iCoQpr) e711 + iy) 
5G Gy 
x {eM Hy + iy) F(y + 1 +iy,2y+1;2ipr)—cc.} (63) 
We see that the calculation of the continuum wave function is a difficult task. Be- 
sides the partial waves we have discussed here, one can also construct travelling 
waves.'' Let us merely remark that for the calculation of all scattering processes 
with heavier nuclei, and also for the calculation of quantum electrodynamic pro- 
cesses, the here-determined continuum waves represent the necessary and appro- 
priate technicals tools. For the study of “new” quantum electrodynamic processes 


in the strong fields of heavy ion collisions, the continuum waves have even to be 
calculated for extended nuclei. 


''For a detailed discussion of this calculation, see M.E. Rose: Relativistic Electron Theory 
(Wiley, New York, London) 
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9.10 Muonic Atoms 


A muon is a particle which has the same properties as the electron in almost every 
attribute, except that it is about 207 times heavier than the electron, i.e. 


m,, = 207m. 


(mec* = 0.511004 MeV, m,c? = 105.655 MeV). 

Since it also has spin 5 and negative charge (the antiparticle of the p:~ is the 
y+, which has positive charge), it also obeys the Dirac equation. Some effects, 
which play only a minor role for the electron in usual atoms, become important for 
the ~~ when it “circles” around the nucleus forming a muonic atom. These effects 
are linked to the large mass of the muon, which implies that the Bohr radius of the 


jt is smaller than that of the electron by a factor of 


me 1 


m, 207 (1) 


Thereby all the effects which are connected with the extension of the nucleus 
(modified Coulomb potential at smaller distances, quadrupole interaction, etc.) are 
more important in the case of the muon than for the electron. Some of these effects 
we will briefly explain in the following. Before that, though, a brief abstract of the 
formation and the most important physical processes involved in the creation of 
muonic atoms seems appropriate. 

Production of Muonic Atoms. Muons are created by performing inelastic scat- 
tering experiments of high-energy protons with protons (hydrogen). There, pions 
are produced according to the reactions: 


s>ptpin tat... 
at { Ene a, | 2) 
So 8 a oa rt 


The pions are separated from the beam with magnetic fields. They decay into 
muons within about 10~®s due to the weak interaction: 


[i (3) 


The j:~ produced in this way are now decelerated; then, the slow .~ are bombarded 
onto ordinary electronic atoms, e.g. Pb. Through the interaction of the ~~ with the 
electrons, some electrons will be knocked out of the atom, the ~ will be further 
decelerated and finally captured by the nucleus. The “capture orbit” of a muon is 
one of the outer orbits with principal quantum number n ~ 14. Such a muonic 
atom (with one muon and still many electrons) is then in a highly excited state. 
In the first step, the de-excitation takes place via transitions within the outer shells 
in which the muon transfers energy to further electrons, which are consequently 
emitted (Auger emission). The transitions between inner muonic atom shells result 
in emission, which can be observed and measured (see Fig. 9.14). 

We now discuss a few remarkable differences between muonic atoms and elec- 


tronic atoms. 
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Fig. 9.14. Illustration of the 
inner yz orbits around an 
atomic nucleus. The influ- 
ence of the electrons, which 
are positioned far out, is 
schematically indicated by a 
cloud 
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og a 


electron shells» — 


(a) Recoil Effects. Since, in comparison to the muon, the nucleus does not have 
infinitely high mass, both particles move around a common centre of mass, which 
is not in the centre of the nucleus. For the Schrodinger equation the centre-of-mass 
motion can, as in classical mechanics, easily be separated. Then the relative motion 
is simply described by a one-particle equation with the reduced mass s1,,, 


mMy° Moucteus 
My + Moucleus 


My = (4) 
Here m,, is the mass of the muon. In the case of the Dirac equation, this separation 
does not work, because: 


(1) A satisfying two-body Dirac equation!” does not exist. 

(2) The centre-of-mass system can no longer be defined geometrically (as in clas- 
sical mechanics), but only dynamically; namely as a Lorentz system, in which the 
sum of the momenta of all the involved particles vanishes, 1.e. sot p, = 0. In 
an approximation one can manage the problem by assigning the above-mentioned 
reduced mass p,, to the muon in the Dirac equation. The binding energies of the 
muons are considerably influenced by the thus (approximately) considered recoil 
effect. In view of the experimental precision of AE/E < 10~*-1075, there appears 
no difficulty in verifying these effects. 


(b) Retardation Effects. If one considers the interaction between the nucleus and 
the muon in the form of a static Coulomb potential in the Dirac equation, one 
thereby performs an external field approximation. The interaction within this ap- 
proximation takes place without time delay; the effects of retardation which are due 
to the recoil motion are neglected. If the velocity of the muon in the inner shells 
of heavy nuclei becomes comparable to the velocity of light c, the retardational 
effects should become large and then also the previously mentioned “reduced mass 
approximation” turns out to be insufficient. In this case it is necessary to consider 


2 4 relativistic many-body mechanics has been proposed by F. Rohrlich [see Annals of 
Physics 117, 292 (1979)]. It remains, though, to be seen if this theory can be quantized 
in a satisfactory way. We refer also to the Bethe~Salpeter equation, which is discussed in 
W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, Berlin, Heidelberg 
1994). 


9. Dirac Particles in External Fields: Examples and Problems 251 
eee a ere 


a two-body equation derived from the quantized theory (field theory), the so-called Example 9.10. 
Bethe—-Salpeter equation. Since these effects are just near to the edge of the maxi- 

mal precision of present experiments, we will not discuss them in this context any 

further. 


(c) Screening by Electrons. Though the Bohr radius of the many electrons in the 
atom is much larger than the one of the muon, the tails of the electrons’ wave 
functions reach into the inner region (see Fig. 9.15). 


Inr 
Fig. 9.15. Qualitative picture of the charge distribution of a nucleus g,(r) with half-value 
radius c and surface thickness t. The charge distributions of the muon g,, and the electrons 


Qe are multiplied by r*. It can be recognized that the muon stays partly in the interior of the 
nucleus and the electrons stay partly within the muonic orbit. Note the logarithmic r scale! 


Thereby the electrons cause a screening potential for the muons which is not 
negligible. For symmetric charge distributions g,(r) it can easily be calculated that 


Vecreening(") = 47” : [ oe(r’)r”? dr’ + i oe(r')r’ ar'} : (5) 
0 Te 
Here 
- ‘ 
Ge) y= DS we Wi(r) . 6) 


i=l 


is the charge density of the N electrons still bound within the atom, ~; being their 
wave function. For more precise calculations one even has to determine the wave 
function of the muon and those of the electrons self-consistently. As a typical case 
for the screening of the muon by the electrons, we consider the 5g — 4f transition 
in muonic lead, whose transition energy amounts to AE ~ 400keV. Due to the 
electron screening, the single muon levels will the less bound by an energy of about 
17 keV. Calculating the transition energy, the effect of screening then reduces to a 
few eV, because both levels are shifted in the same direction (to weaker binding). 


(d) Vacuum Polarization, Self-energy and Anomalous Magnetic Moment. In Chap. 12 
we will learn about field-theoretical effects,!> which cause small, but measurable, 
deviations from the Coulomb interaction of the electrons or muons with the nu- 
cleus. One has to consider the effect of vacuum polarization, the self-energy and the 
anomalous magnetic moment. The vacuum polarization describes the creation of 


'3 Tn particular this is discussed (with more precise calculations) in W. Greiner, J. Reinhardt: 
Quantum Electrodynamics, 2nd ed. (Springer, Berlin, Heidelberg 1994), 
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Fig. 9.16. Illustration of the 
vacuum polarization as a 
“dipole cloud” in the electric 
field of the nucleus 


Fig. 9.17. (a) Self-energy dia- 
gram, (b) anomalous mag- 
netic moment 


virtual electron—positron pairs in strong electromagnetic fields. The virtual electron— 
positron pairs form a cloud of dipoles, leading to a modification of the Coulomb 
potential (see Fig. 9.16). 

The properties of the vacuum are similar to a dielectric medium. The dominant 
part of the vacuum polarization potential is the so-called Uehling potential given 
by 


Vip(7) = oe ar’) (Zidr—r'))-ZAGr+r)) dr , (7) 
where the structure function is 
fore) > 1 (€2 = 11/2 1 
zr) = | exp |—= re} (1+ 35) aT aaa rhe ; (8) 


with X, = 386.1592 fm being the Compton wavelength of the electron. For r > Xe, 
i.e. in the region where mainly atomic electrons are present, the vacuum polarization 
potential falls of exponentially. Therefore very heavy particles, like the muons (and 
pions), whose probability is large in the region Roucteus < 7 < Xe, are particularly 
suitable for examining the vacuum polarization potential. Nowadays the precision 
of experiments with muonic atoms is so accurate that processes of higher order 
than those in (7) and (8) also have to be considered. The self-energy describes the 
interaction of one particle with itself by emission and reabsorbtion of a photon (see 
Fig.9.17). There is a similar cause for the so-called anomalous magnetic moment, 
whose contribution to the energy is illustrated by the graph in Fig. 9.17. Here we 
only note that the self-energy and the anomalous magnetic moment are of the order 
1/m. Therefore they are more important in the case of electrons than for muons. 
In view of the present experimental accuracy the latter only play a minor role. 


(a) (b) 


(e) Nuclear Deformation. Until now we have assumed that nuclei have a spherical 
symmetric charge distribution, which may be well described by means of a two- 
parameter charge distribution with half-density radius c and surface thickness f as 
parameters. The most common one is the so-called Fermi distribution, which is 
given by 


3 20 
OQ a 1 1 eee z (9) 


The half-density radius c and the surface thickness t are free parameters, which 
are determined from fits to experimental cross-sections of fast electrons. Another 
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method for their determination is the following: When measuring the transition 
energies of various 7 transitions in a muonic atom, accurate values for c and ft 
can be determined by means of so-called c — t diagrams. In other words: The 
transition energies of the muonic atom depend on the parameters c and t of the 
nuclear charge distribution (9). However, many nuclei show deviations from the 
spherical shape. For this reason one has to expand the nuclear charge distribution 
into multipole moments: 


Or) = g0(r) + S— Oim(r)¥im(8, 9) (10) 
im 


In most cases nuclei are axially symmetric, but deformed in a cigar-like manner, 
i.e. they exhibit a prolate deformation. Then (10) reduces to 


Ar) = por) + oxr)¥Y2+...  , (11) 


where 02 = 029. The second term describes the quadrupole deformation. Accord- 
ingly, the quadrupole moment of the nucleus is defined as 


4 fore) 
Qo = J oir yipav = 7 = | 02(r)r* dr 
0 


Not only the absolute values, but also signs of these quadrupole moments 
can be determined from the pronounced hyperfine structure of the muonic atoms. 
Hyperfine structure means observable level shifts, additional to the l - s splitting 
(fine structure). 

In order to reproduce transition energies, e.g., in a muonic uranium atom one 
introduces even four-parametric charge distributions, like 


7 r—e(l + Bis 
o750,1,0,9) = on | exp (43 EE | 


In comparison to (9) the half-value radius and the surface thickness are now 
treated as angular-dependent quantities, implying that the density of the “atmo- 
sphere” at the tip of the “nuclear cigar” is different from that on its short axis. 
A typical spectrum of a heavy muonic atom is sketched for uranium in Fig. 9.18. 
Furthermore it illustrates the difference between the solutions for point-like and 
extended nuclei, and the different effects discussed above are indicated as far as 
their order of magnitude allow. 


(12) 


(13) 


(f) Nuclear Polarization. Until now the nucleus has been assumed to be static. 
This implies that the nucleus will not be influenced by the presence of the muon. 
However, the nucleus behaves like a dielectric medium and thus it is polarizable. 
It can be excited by the muon and its charge distribution can be slightly changed. 
We write the total Hamiltonian 


A 


A = Agucteus(r’) + Ameson(?) + Ain(r, 7’), (14) 


where Hin, = —Ze*/|r — r’| describes the electromagnetic interaction between 
nucleus and meson. One performs a multipole expansion 
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Fig. 9.18a,b. Binding ener- 
gies of muons in a uranium 
atom. (a) The more realis- 
tic spectrum with extended 
nucleus. The hyperfine split- 
ting due to the quadrupole 
moments of the uranium nu- 
cleus is indicated for the 1s 
level. (b) The same spectrum 
for a point-like U nucleus. 
The 1s; 2 state lies at —27.35 
MeV, i.e. outside the diagram 
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A Ane? i jee 
Hint a -S— | a VY 7, (2meson) (15) 


l,m 


and treats Ain in higher-order perturbation theory.'4 

Let us note a typical value for the contribution of nuclear polarization effects. 
In muonic Pb the transition from 2p;/2 to 1s)/2 has a transition energy of AE ~ 
10 MeV, whereas the contribution due to nuclear polarization AEpp is of the order 
of 10 keV. 


(gz) Isomeric Shift. The ground and excited states of a nucleus do not need to have 
equal charge radii. If a nucleus has been excited, then usually the average quadratic 
nuclear radius changes by Ar”. Such an isomeric shift gives rise to a level shift in 
muonic atoms and can be deduced (measured) from studying the level structure. 
For the first excited nuclear state one finds typical changes of the radius of the 
order of 


YANG a 
(r?) 
Such an excited state may be formed during the cascade of a muon within the 
atom. The mesonic transition energy is not always emitted by radiation of a real 
photon, but can also be absorbed directly in the nucleus. Accordingly, the nucleus 


will be excited into higher states. During the subsequent transitions the meson feels 
a different charge radius.!> 


~10- to 2oql0 


(h) Polarization of Muons and Pions. In our previous considerations the muon 
and pion have been considered as structureless particles, disregarding their internal 
degrees of freedom. However, one knows that the pion has a charge radius of 
Tpion = 0.8 fm. Moreover, considering that a pion consists of two quarks, it becomes 
obvious that also the pion can be polarized in the presence of the strong field of 
a nucleus. However, the corresponding energy shifts turn out to be just too small 
for an experimental verification at the present time. Concerning the muon, which 
belongs to the lepton family, an “extension” (a substructure) is still unknown, and 
up to now leptons (electrons, muons, tauons) also seem to be point-like particles. 


PSOE S| tt a 


9.11 Dirac Equation for the Interaction Between a Nuclear and an 
External Field Taking Account of the Anomalous Magnetic Moment 


The Dirac equation for a nucleon interacting with an external electromagnetic 
field contains an additional term describing the interaction between the anomalous 
magnetic moment of the nucleon with the electromagnetic field: 


‘We refer to the literature. See, e.g., J.M. Eisenberg, W. Greiner: Nuclear Theory, Vol. IT: 
Excitation Mechanisms of the Nucleus, 3rd ed. (North-Holland, Amsterdam 1988). 

1S See: JM. Eisenberg, W. Greiner: Nuclear Theory, Vol. I: Nuclear Models, 3rd ed. (North- 
Holland, Amsterdam 1987) p. 73. 
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25) 


: é eh 
h Poel A [ple : 2 S= 
( cy a age Myc ) we OAc. 


where j = p and ey = |e| for the proton and j = n and e, = O for the neutron, 
respectively, 


Problem. (a) Show that the additional term does not violate the relativistic invari- 
ance of the Dirac equation. 


(b) Show that this term satisfies the hermiticity condition 


eh } ch .. ‘ 
10 (Kai c%mF") = Same HE 


Remembering that when turning from the matrices &, § to the gamma matrices 
in the Dirac equation, a term 7 has been factorized out; see (3.8). 


(c) Show that the choice Kp = 1.79 and K, = —1.91 corresponds to the 
experimentally observed magnetic moment. 


Solution. (a) Relativistic invariance of the term 6,,F"” as a contraction of two 
Lorentz tensors (covariants) is obviously manifest. 


(b) Since ¢,,F"” represents a product of an operator 6, with a real tensor 
Pee = (Fr )" [see (1:15)), 1e 


A V a Vv 
Our = Ciel, 


with the field strength tensor F“”, it is sufficient to show that 
y0F}.,%0 a Cup 


holds. For this purpose we use the relation v4 = and y' = —¥, and in shorthand 
notation we have a = YoYo. We explicitly derive 


{ 
re 1 
061% = Yo b ite — wi) 10 


oH (atv -— yal) 


= 370 (Yow Wu — Y0%u%W0) Yo 
i - 
= “5 (wp = Vw) ao Ta es 


where 2 = il has been used. 


(c) First we rewrite the interaction term: 
i i 


i i 
= awe ms WW = yu a ' 


Exercise 9.11. 
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where we have renamed the dummy indices, and the relation F¥” = —F”* has 
been used. By considering that 


ESF" cand B= (FF? ie 


and yy = id, with 


as well as yo = Gx, the sum reads explicitly: 


Sow wk! = So yk + oy FY — on — wI0F” + w0F™. 


pv J<k J<k 

In view of the relation F® = 0, 44% = —7e7; and F* = —F%, the sum becomes 
Swnk™ =2( Dane - Dvn) 
pv j<k j 

We obtain 


mF? =i55B; , yw~F? =id1Bi 
ey)! =id2B=yyF? , 


and thus 
Win =i and Soy FF = -&-E 
ale j 


which yields 


SoG w FM = 21 {i - B+ &- BE} 


Hv 
Instead of the original Dirac equation we obtain 


; ej eh oa aes 
(ine y— A - Myc’) Wx) = Kj-—— {EB -i&- EV W(x). (1) 
c 2Mjc 
The ths exclusively describes the coupling with the electromagnetic field. We know 
that this part of the equation leads to a nonvanishing magnetic moment if ej #0 
(i.e. only for proton), namely 


_ eh 
~ 2Mpc 


Mp = LB and = pln = 0 


In the nonrelativistic limit the rhs of (1) takes the form 
eh v 
Kix {6 B= i246 -E} : 
7 2IMjc a ee. 


since 


9. Dirac Particles in External Fields: Examples and Problems DSi 
pS «4 | avd Gee. Exercise 9.11. 
c 


We can neglect the second term, because in the nonrelativistic case v/c =< 1 
it is small compared with the first term, which just corresponds to the interaction of 
the magnetic moment with the magnetic field. Thus, we obtain the total magnetic 
moment 


eh 


Mp = (1+ Kp) 2Myc 


for the proton, i.e. fp = 2.79 up, with Kp = 1.79 and 


eh 


pin = Ky — = —1.91 op 


for the neutron. 
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9.12 The Impossibility of Additional Solutions 
for the Dirac—Coulomb Problem Beyond Z = 118 


Motivation: For an electron coupled to a point particle with charge Z we can 
rewrite the Dirac equation into the two coupled equations 


F Emme 2 
phy (Foe eG -0 (1) 


To study the asymptotic behaviour of the solutions for r — 0 we have to take into 
account only the derivative terms and the terms containing a factor 1/r, whereas 
we can neglect the terms proportional to m and E. The resulting equations can be 
solved with the ansatz F(r) = For’, G(r) = Gor’, yielding 

(kK + 7)Go —ZaFo =i() ; 

ZaGo —(K—Yy)Fo =O . (2) 


This leads to the condition 


Fo LG acta, (3) 


= = ? 


Go K-77 Za 


which requires 


Vereen Kk = (ZG) . (4) 


One of the two independent solutions is regular at the origin, while the other 
diverges like r—!7!, If the charge Z is small, this divergence is so strong that 
the wave function cannot be normalized and thus is to be rejected as a physical 
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solution, However, for a sufficiently weak divergence the normalization integral 
f @?r(F? + G?) is finite. This happens in the case y > —3, which means that 


Za > 4/K* — i. For s1 and p; states (« = +1) the charge has to exceed Z > 


3 x 137 = 118. Under this condition it might appear that both types of solution 
of the Dirac equation are admissible since they both are normalizable. This would 
have drastic consequences because the rejection of the irregular solution is essential 
for obtaining discrete energy eigenvalues. If both solutions were acceptable then 
there would exist a continuum of solutions for the following reason. For any given 
energy one can find a solution which is well behaved for r — oo. For r — 0, on the 
other hand, this solution contains admixtures behaving like r+!7! and r~!7! as well. 
For |y| < 3 this cannot be accepted since the solution is no longer normalizable. 
Only for certain values of the energy does the component r—!7l vanish. These are 
the energy eigenvalues. For |y| > +, on the other hand, any linear combination of 
r+l7l leads to a solution normalizable at r — 0. For any given solution one only 
has to make sure that the wave function is normalizable also at r — oo, which can 
be done for every energy. 

Are these solutions physically relevant? A static point charge represents a very 
singular object which we actually do not find in nature, since any particle of 
finite mass cannot be localized at a single point. Furthermore, only nuclei (in fact 


superheavy nuclei)'® have charges of the order Za ~ 3. and these are clearly 
extended objects. Even if such a singular point source of such a high charge does 
not exist, it is still interesting to study the problem of an extended source in the 
limit that its extension gets smaller and smaller, either by shrinking the nuclear 
radius artificially or by studying a hypothetical elementary particle of that charge 
in the limit that its mass goes to infinity and the particle is localized more and 
more. The following exercise gives some insight into the problem. 


Exercise: Study « = —1 states of Dirac electrons in the potential of a hollow 
sphere of charge Za > V3 and radius R and show that in the limit R — 0 only 


the solution behaving like r+ V!—~@ js recovered.!7 


Solution: We proceed in the usually way. We solve the wave function for the 
inside and outside regions separately and then try to match the ratio F/G. In the 
outside region the differential equation contains the ordinary Coulomb potential. 
In the inside of a charged spherical shell the potential takes on the constant value 


Za/R, so that the differential equation becomes (k = —1): 
G E+moc2 Za 
G'-—- a = 
r. ( he R )F oe 
F E—moe? . Za 
Fi - — a = 
: tp ( 2 te R Je : (5) 


'6 See J.M. Eisenberg, W. Greiner: Nuclear Theory, Vol. III: Microscopic theory of the nu- 
cleus, 3rd ed. (North-Holland, Amsterdam 1990). 
This exercise has been worked out by W. Grabiak. 
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This is just the free Dirac equation for a particle with energy « = E + hcZa/R. 
The general solution is given by 


F = kcos(kr + 6) — i sin(kr + 6) 


Saif c0ce ee 
c={ - te) sin(kr + 6) (6) 


with Ack = ./e? —(moc?)*. Taking 6 = O this is the solution found in (33), 
Exercise 9.5. The validity of the generalization to 6 # 0 is easily checked by 
insertion into the differential equation. However, even without performing this 
calculation explicitly it is clear that the constant phase shift 6 can have no influence 
on the neutral cancellation of the sine or cosine terms. 

In contrast to the Coulomb problem with Z > 118 the constant potential admits 
only one normalizable solution, namely 6 = 0. Thus we get 


i = Me ( k cot(kR) (7) 
G r=R, inside 7 moc? +e 


Now we are interested in the limit R — 0. In this limit m and E can be neglected 
against Za:/R, so that we can set ¢/hc = k = Za/R, and (7) becomes 

F —1 

G =s=5) Fa +cot(Za) . (8) 
Now we have to study the behaviour of the wave function in the outside region. For 
a given energy the wave function will in general have admixtures behaving both 
like r+!7| and r—!7! for r — O, but the latter will dominate its asymptotic behaviour. 
In this limit we can also neglect the mass as well as the energy. According to (3) 
the F/R ratio then reads 


F otal 2 by feGay (9) 


Za ' Za 


in the limit R — 0. Comparing (7) and (9), we see that the matching condition 
becomes 


1+ /1-—-(Za)* 
Za 


in this limit. It is impossible to solve this equation, since for a < 1 the Ihs is 
greater than 1/Za, whereas the rhs is smaller. We conclude that we cannot find a 
solution in the limit R — 0, i.e. if the potential approaches the potential of a point 
charge, if the component r~'7! dominates the behaviour of the wave function for 
small r. Only in the special-case limit where this component vanishes does (9) no 
longer hold and is it possible to get a solution. But this happens only tf the energy 
approaches an energy eigenvalue. Thus one retrieves the usual energy eigenvalues 
of the Dirac equation, whereas no new solutions are found. 

The same result is found for a homogeneously charged sphere. The potential in 
the inside region is too small to produce an F/G which could fulfil the matching 
condition. We can convince ourselves of this in the following way: we can ask 
which value of the potential is needed on the inside in order to fulfil the matching 


1 
= an cot(Z a) (10) 
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Example 9.12. condition, assuming that there is a constant potential Vo on the inside which is not 
equal to Za/R. The ratio F/G in the outside region is at most 1, and matching is 
only possible if the potential in the inside is larger than 2.04/R (the solution for 
MiG =|." 

The fact that one can find solutions if the potential in the inside region is large 
enough is not surprising. Even without the 1/r part on the outside one can get 
arbitrarily deeply bound states if only the strength of the potential is big enough. 
On the other hand, if one decreases the potential in the inside region, the energy 
of these solutions increases until they are finally turned into ordinary solutions of 
the 1/r potential. Thus no new type of solution is found for the limiting case of a 
well-behaved potential approaching 1/r variation. 


'8 This solution also determines the energy eigenvalues for the MIT bag — see W. Greiner, 
B. Miiller: Gauge Theory of Weak Interactions, 2nd ed. and W. Greiner, A. Schafer: 
Quantum Chromodynamics (Springer, Berlin, Heidelberg 1994). 


10. The Two-Centre Dirac Equation 


The description of one or more electrons in the field of two nuclei is one of 
the fundamental problems in quantum mechanics. Among other things it contains 
the theoretical understanding of the phenomenon of chemical binding and thus 
is connects physics and chemistry. In 1927 W. Heitler and F. London! showed 
for the first time the possibility of the existence of the H2 molecule. They used an 
approximation procedure and were able to calculate its physical properties (binding 
energy, binding length). 

Soon afterwards E. Teller? (1930) and E.A. Hylleraas’ (1931) gave, indepen- 
dently of each other, methods for a mathematically exact solution of the nonrela- 
tivistic single-electron two-centre problem. Later, G. Jaffé* (1934) came up with a 
third solution. But the numerical evaluation of these procedures is very costly, so 
that the energies of the higher states can be calculated only with computers. Good 
nonrelativistic calculations in recent times — also including some deviations from 
the Coulomb potential — came from K. Helfrich and H. Hartmann? (1968). 

Calculations for many-electron systems, similar to the Hartree-Fock model, 
only became available in the early 1970s, e.g. those by F.P. Larkins® (1972). Here 
one uses a finite set of basis functions (one-, two-, or even three-centre functions), 
which are combined with the intention of finding the lowest total energy. In view 
of these difficulties, and the fact that experiments up to now were possible only 
in a small energy range (some €V up to a few keV), an extensive study of the 
corresponding relativistic equations did not take place. Solely S.K. Luke et al.’ 
have treated the relativistic corrections of the single-electron problem in first-order 
perturbation theory in Za. However, especially from the experimental point of 
view, one urgently needs a solution of the two-centre Coulomb problem which is 
exact in all orders of Za. Heavy-ion accelerators allow highly charged nuclei to 
approach for a short time so closely that even the innermost electron shells belong 
to both nuclei and form molecular orbitals (cf. Fig. 10.1). 

Now we consider collisions of heavy ions with kinetic energies near the 
Coulomb barrier, so that both nuclei can just touch. An overlap of the involved 
nuclei and the related inelastic processes shall be excluded here. If both nuclei are 
very heavy, it is possible to generate for a short period (r ~ 107~'’s) superheavy 


! W. Heitler, F. London: Z. Phys. 44, 455 (1927). 

2 E. Teller: Z. Phys. 61, 458 (1930). 

3 B.A. Hylleraas: Z. Phys. 71, 739 (1931). 

G. Jaffé: Z. Phys. 87, 535 (1934). 

K. Helfrich, H. Hartmann: Theor. Chim. Acta 10, 406 (1968). 
F. Larkins: J. Phys. B5, 571 (1972). 

S.K. Luke et al.: J. Chem. Phys. 50, 1644 (1969). 
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Fig. 10.1. Quasimolecular orbitals. The projectile ion moves along a curved trajectory. The 
individual atomic orbitals reappear when the colliding ions are separated enough (upper 


right). During the collision electrons (so-called 6 electrons — marked by T° ) and X rays 
(~») are emitted. The emission is caused by the varying molecular orbitals, which adjust 
themselves with respect to the varied internuclear separation 


quasimolecules with total charge Z = Z,; + Z,, which are far above the end of 
the periodic system: 107 < Z; + Z, < 190. For these systems the velocity of the 
heavy ions is about 1/10 the velocity of light, while the “velocity” of the electrons 
in the inner most states is near the velocity of light. This becomes obvious if we 
remember that for Za ~ 1 the binding energy of the 1s electrons becomes compa- 
rable with their rest mass. This means that the electrons of the inner shells during a 
heavy-ion collision have time enough to adjust with respect to the varying distance 
R between the two Coulomb centres. Thus the properties of the quasimolecular 
electronic orbitals are determined by the sum of the projectile charge Z, and the 
target charge Z. 


If the distance R between both colliding ions becomes less than the radius of 
the K shell, we call the system a superheavy quasiatom. For a Pb-Pb collision 
this situation arises for R < 500 fm. Induced by the varying Coulomb field during 
the collision, the possibility is given that inner-shell ionization occurs by excita- 
tion of electrons into vacant higher bound states or by direct excitation into the 
continuum. The highly energetic parts of these final-state continuum electrons are 
called “delta rays” or “delta electrons”, a term originating from when these ra- 
dioactive rays were discovered: At that time, one bombarded different targets with 
protons and discovered a highly energetic component of radiation which could not 
be explained by the classical laws of collisions. Therefore it was assumed that 
beside the know alpha, beta, and gamma rays, a new kind of radiation had been 
discovered; hence “delta rays”. Nowadays it is well known that the high-energy 
component of the momentum distribution of the bound electrons allows very much 
higher energy transfers that can be expected in accordance with the classical laws of 
collisions. Clearly, the mentioned momentum distribution of the quasimolecularly 
bound electrons depends on the distance between the colliding ions. 


These facts suggest the use of the measurement of delta electrons for the spec- 
troscopy of electronic states in these superheavy quasimolecules. Further possibili- 
ties are given by the measurement of the decay of the electron-hole pair which has 
been created during the collision. Indeed, during the collision the so-called quasi- 
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molecular ¥ radiation will be emitted or — as long as the hole is filled a long time 
after the collision — the ordinary characteristic radiation of the single atoms can be 
measured. Some of these processes are illustrated in Fig. 10.1. Such spectroscopy 
allows the extension of the periodic system by a factor two with respect to the 
atomic number Z, at least as far as interior electronic shell structure is concerned. 
Furthermore, the search for the vacuum decay in supercritical fields (see, e.g. Ex- 
ercises 9.5-9.7 and Chap. 12) necessitates the precise knowledge of the electronic 
structure in the course of a heavy-ion collision. Fundamental to all such inves- 
tigations is the solution of the Dirac equation for two charged centres. Therefore 
the energies and the wave functions of the electrons need to be determined for the 
given distance R between the nuclei. 

In 1973, the two-centre Dirac equation was solved for the first time by Miiller 
and Greiner.’ The solution was given in terms of prolate elliptic (spheroidal) co- 
ordinates €, 7, @ with 


x=R,/(&—-1) (1-7?) cosp , 


y=R/(@-1)(1—-97)sing , 
2 = Ken (10.1) 


defined in the domain 
meee, -laiyns+!l) , 0s ¢s2r 


The problem is rotationally symmetric round the z axis; thus the component J, 
of angular momentum is a good quantum number and the eigenfunction in the 
y variable is easily separated. It is given by exp(imy). However, the resulting 
differential equations in the variables € and 7 do not decouple. The differential 
equations were diagonalized in the so-called Hylleraas basis, which is essentially 
composed of Laguerre polynomials in € and Legendre polynomials in 7. 

Meanwhile two centre Hartree-Fock solutions were also obtained, by Fricke et 
al.'° (1975). Here, however, we restrict ourselves to the study of a very successful 
procedure by Miller et al. for the solution of the two-centre Dirac equation, which 
is essentially based on a multipole expansion of the two-centre potential. 

For that purpose let us consider again the general form of the Dirac equation 
in polar coordinates. Using the relation 


a x (bx c) = b(a- c) — c(a- b) 
we obtain 
—e, xX (er X V) = —e,- (er -V) + V(e,-e-) , (10.2) 


where e, denotes the unit vector in the r direction. Using this, the V operator may 
be written as 


8 See W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, Berlin, Hei- 
delberg 1994) and especially W. Greiner, B. Miiller, J. Rafelski: Quantum Electrodynamics 
of Strong Fields (Springer, Berlin, Heidelberg 1985). 

? B. Miiller, W. Greiner: Phys. Lett. B 47, 5 (1973); Z. Naturf. 31a, 1 (1976). 

0B. Fricke, K. Rashid, P. Bertoncini, A.C. Wahl: Phys. Rev. Lett. 34, 243 (1975). 
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V =e,(e,- V)—e, x (e, x V) 


0 ie A 
ee ae = xB) 10.3 
= Or A ( r een 
where L = —if(r x V) is the orbital angular momentum operator. Hence it follows 


for the operator of the kinetic energy 


ca p= Heegee: ne (nx Ly) (10.4) 
Choe kr 
with &, = @-e,. Now we use 
(@-A)(&-B)=A-B+iS-(Ax B)=(8-A)(S-B) (10.5) 


and insert A = e, and B = L, which gives 
(&-e,) (&-L)=e,-L+id-(e, x L) 
= (te) (3: L) Sa) (10.6) 


because 
Poon 6 —o Un 


since e, is orthogonal to L = r x p. We multiply by —~y; from the left, where 


ey =) | (10.7) 


and remember that 


Pa -ye=-dy% , &=-y4L =-Dy, (10.8) 
Hence it results that 
ia-(e,x L)=4,(5-£) , (10.9) 
and for the operator of kinetic energy 
ca p= eee + ee (1) (10.10) 
Or F 
Now it is convenient to introduce the operator K, defined as 
K=B(2-L4+fh , (10.11) 


and one obtains the stationary Dirac equation in polar coordinates: 


Ev=HAy= liens, (ng. - PR + >| +V(r)+ Bre? wr) . (10.12) 


Let us analyze the properties of the spin-orbit operator K in more detail. First we 
show that it commutes with (: 


[kK,4])=6(2-H6-S-L=0 , (10.13) 


because 
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ORIG: Gm 
(a)(6 3)=(6 -2) 


Furthermore we have 


B(&-p)-(&-p)B=26(&-p) , (10.14) 
and also 
[B(2-L),&-p]_ =8(2-£)(a-p) - (4-p)h(E-L) 
= B(S. L)(&-6) + B(a-p)(E-L) 
=6(LY-L,a pl, . (10.15) 
Now 
[Y-L,a-pl,=-G(L-p+p-L+il-Gxprpx hb , 
L-p=(rxp)-p=0 , 
Tela. . (10.16) 
and we calculate further that 
B 8 Eo) ae! 
Exp=|L, ly L, 
Bb. py bz 
= Ee (Ly p, — L,py) — ey (Lxp, — zPx) + €, (Ly py — Pea 
. ey €y e, 
pxL= Px Py Pe 
‘XX Ly L, 


= Ey (pL, =PrL,) —€y (p.L, — p,L,) ae. (psly — pyl,) eGo?) 
Summing, we obtain 
Lxp+pxLl 
= Cy (ap. — p,Ly am L py + pyL,) — €y (ire: — p,Ly = pp, + prt) 
+e, (bby -— yl, - Lp + phy). (10.18) 
Now we look at the first commutator of the e, component: 
SPs | = (r x p)ypz — P(r X P)y 
= —XP,p, + Z2PxPz + P.XPz — PeZPx 
= ZPxPz aa Drip . (10.19) 
By use of 
Pepe iin , 
it follows that 


[Ey ,B:|_ = ZPebz + ihp. — zP.Px = itp, 
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In an analogous way the second commutator of the e, component is obtained: 
= [eae =e {(r x P)zPy = Psa x P)z} 
= —Xx Py Py + ypxPy + pyx Py — Pyy px 
= ypxPy — PyyPx = ypxPy + ihpy — ypyPx = ihpx 
In vector notation we can generally sum up and get 
Lxpt+pxL=2ihp . (10.20) 
Finally, for the commutator of K with the kinetic energy we obtain 
[K,c& + p]_ = 2heB(- p) + B(—75)iZ - 2ihep) 
= he (26(& - B) + 26y5(% + p)) 
= he (2G(& +p) — 20(&-p)) =0 , (10.21) 


i.e. K commutes with the Hamiltonian for free particles. The commutator of K and 
9 can be obtained in a similar way, namely 


[O2-£),£44n5)_ = B(S-L, 0) +4n6(S-£,5)_ . (10.22) 


First we investigate the second commutator, obtaining 


Now we use the assertion 
[S-f. 5) = xb) (10.23) 


verifying this for the x component. (The proof for the other components proceeds 
analogously). Thus 


(SL, + 8,2,) 8, 
+ 


=. ie | ees 35 
= -id,L, bees 


ie 
On the other hand 

[2 x DL), =i2,L, -iL, (10.24) 
holds, where we have used the following relations for the ¥-matrices: 

Li Sas, , Se 


Hence the relation (10.23) stated above results, and, furthermore, we suspect the 
validity of 


Pees OR (10.25) 


By use of the commutation relations of angular momentum 
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Ph, = We 5 EL, = Bp ile 
the x component of the commutator is found to satisfy 

evi S01, tae, 1, Sie inti an 
The x component of the vector product yields 

eh) = ie, — a), 
so that in total we have 

B(2-£,6)_ =-ing(Sx Lb) , (10.26) 
and finally we obtain 


[Ra] =a (10.27) 


For K2 it follows that 
hea (Sb =] bib (Lx L) 42h bs he 
=f74+AS-.E+h . (10.28) 


Now we denote the Dirac equation for the Coulomb potential of two centres of 
charge, Z,e and Ze, separated by the distance R, as 


ae Oy heat Zie2 Ze? 
/ a0) he ne eee are "BE ee eee 9. 

icrsS: ( er ane k) rR) FER Pd ce) 
=E¢,(r) . (10.29) 


The magnetic quantum number wy is the eigenvalue of the projection of the total 
angular momentum onto the axis connecting the two nuclei (z axis). The nuclei 
are assumed to be point-like, and at this stage a multipole expansion of the wave 
function suggests itself: 


dul) =F bale) = > Ce (10.30) 
where f,,(7) and g,,(r) are the radial wave functions; « was defined by 
se 1 
= Sere aoa 
and the spinor spherical harmonics are given by 
Xop= >, (Ylp—m,m)ViuwO, xm - (10.32) 
aes 


Now we have the unity spinors Vm 
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and the Clebsch—-Gordan coefficients, which explicitly read 


(=[par 


<4 ; (10.33) 


Next we apply various operators to the two spinors v,,,, and get 
A may}. 0 ay a! 
07 yu at SS 1 0 rs 0 ’ 
x pee ie Ovo. 70 
Oz X—1 oy ) 21 1 aa 1 ; 


S 


OX eee 

Jee eee 

oe Ste On 

Sen = eS Ea = ae 

i = Vid eee 

UE ie eam = (ae ney ee Coan 

=KWYG+)-1d+1)-sst)D] xX«y - (10.34) 

With ié- L = 28 L, it follows that 

(6-L+A Xen =AGG+D—-I+D)—-sist+ D4 1]xnu - (10.35) 
This relation can be evaluated in both cases of (10.31): 
a): 

feyj+5 , katd=;+t 
and b): 

V=j-5 , w=-l'-1=-j+}-1 

=-(G+4)=-In| 

with the result 
a): 

iG +1) -1d +1) -set+i)+1= (1-4) (+4) -1¢41)-341 

=P-4-P-i1+}=-l=-k , 

and b): 


iG 4+)-VC'41)-se4+1)4+1= (+5) (+3) -'@ 44} 
=2'-'+34+hal41=-«% 


e] 


(10.36) 
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so that generally 
(6 L+h) Xn = —hKX (10.37) 


holds. We now move on to investigate the multipole decomposition of the two- 
centre potential. It is generally known that 


1 1 
lr—r'| fpr? 2rr' cos y 


where + is the angle between r and r’ and 


1 1 


pag , 


a 
{= a cosy + (=) 
1 1 


Fa 10. 
ler’ (10.38) 


ie COs (t=) 
with 

re =min(|r|,|r’]) , rs = max((rj, [r’|) 
Expansion of the root yields 


I 
——— Aes SE cok) 
a ae 
lr —r’| rec 
and correspondingly 
! 
rl 
Yc 1)! ee) (10.39) 


a 


with the Legendre polynomials 
Po(x)=1 , 
P\(x)=x , 
Pai 73x = 1)", 
etc. 


In general, the recursion relation 
(1 + 1)P)41(x) — (21 + 1) x Pix) + IPi-1(%) = 0 (10.40) 
holds. For point-like nuclei the two-centre Coulomb potential reads 


> 2 
aie aks (10.41) 


Year | [r+ R/2| ’ 


which, after expansion into multipoles, yields 
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co 
V(r,R,1) = —Zie” ) 
1=0 


! 
TaaTPicoos 7) 
ort l 
= De? S-C1) TepierPcos 7) forr<# , 
= 


——. (R/2)' 
Naty) = -Z,e° 5° oS P;(cos ) 
1=0) 


oo I 
= 5e- Sob — P(cosy) forr>% . (10.42) 
= 


The monopole part for point nuclei of the two-centre Coulomb potential can 
easily be derived from the multipole expansions, and is given by the / = 0 term 
of (10.42), ie. 


7A + Zp)e? 


R 
V, = 
Oe) Cee 


Ip 


itor i < 
(10.43) 


N| we e/a 


for f= 


Remark on multipole expansions of potentials: We write generally 


V(r,R) = 9_ Vi(r, R)Pi(cos 8) = V(r, R)Pi(x) with (10.44) 
i—0 1=0 
x=com , 


and use the following normalization condition: 


J 
2 
Py, = , ; I 
I 11 (x )Pi (x) dx Hea | (10.45) 


Here # is the polar angle of r = {rsin¥cosy,rsin¥ siny, r cos 0}. Multiplying 
by P;(x) and integrating over x from —1 to +1 yields 


+1 
Zz 
I Vir, R)Pi(x) dx m= UES evecare or 


2+1 f' 
Woe Rk) = =o 1A Care 0) 9 eb (10.46) 
= 
Now we will show that the operator K has the eigenvalue —/Ax: 
R bcp?) ae B(s : L + fh) Prxu(?) 
_{1 0\/é-L+h 0 In(7)X n,n, ~) 
0 -1 0 Ge L+h) \ ifl)xX-nw, 9) 
= © -E+h 0 ) I (T)Xryp(9, ) 
0 —(¢ -L i h) WX ee yp) 


a SORA i koe ~) ae 
Manton twe)) Ei aDeP 
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In order to obtain the differential equations for the radial wave functions we 
write down the stationary two-centre Dirac equation (10.29) once more, though in 
greater detail: 


0 -1\/6, 0 0 AR hk (1 O 
(2 0) (G a) (att+F (6 -2)) 


+VP + 4 . moc? 3 In )Xnp 
— 0 -1 - (NX — 1p 


1=0 n=l] 
= 
= 3 Cae ) (10.48) 
dy EO X=nu J” 


where the two-centre potential in the form (10.44) has been inserted. Equation 
(10.48) can be further transformed into 


. 0 -4é, a Weal". 5-7 i 0 
ine (4, 0 lec =n) 


~ V,P 1 0 20 E . I(T) Xp =) 
y 2s a 0 -! ae If A(T)X— Kp 7 


1=0 hl 


d , hoe 
too he dn OrX— nu ate no 6 xn ss he frOrX—n,u zc es ViPi9KX Kp ae (moc? = E) InX Kw 


2 


eee ; 2 i ae : 
Reel ihe Ger Xu - iRe =" 8 Xs - ihe 9nOrXn,p + 6 Vie es (moc? fe E) Wex seul 


(10.49) 
Later on we shall prove the relation 
OX = —X=k,p 3 (10.50) 
from which 
too 
d ti K 
Ye | Hester — BeBe + Re eXnn 
eel 
a5 SS VIP 19KX Ku + (moc? = E) MX =0 
1=0 
+co 
d i K 
> e he = 9nX np =e ey - hie —9n.X—1,p 
[ dr hg r 
fetal 
= De VP ifcX—n,u + (moc? + E) oa) =0 (10.51) 
1=0 
follows. 


According to (10.32) the spinors x,,,, are orthonormal. Using this property 
and multiplying the first differential equation of the two-centre Dirac equation by 
—(xx,,| and the second one by —(K_<,,|, we obtain 
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= oe) +oo 
K K 
fore qe af hel® eras — (moc? ar \9n- 22, Vi DD 9x. Xk, miPrlee | 
i—0 tl 


==). 


1=0 Keel 
= (1032) 


This — in principle infinite — system of coupled radial first-order differential equa- 
tions must be solved numerically in order to determine the energy E. 

As a special case we examine these differential equations for a spherically 
symmetric monopole potential V(r) = Vo(r) for a special «; therefore 


Gite K 
he “f+ neh — no“f — (moc? — E) g - Vog = 0 


d oo =koo 
{reg oo E+ hic- 9g — (moc? ae \fet+ do eee RulPilx— ~a)} 


hewg + hed + hog ~ (mc? +E) f + Vol = 0 (10.53) 
These are the already known radial differential equations for spherically symmetric 
potentials (cf. Example 9.3). The matrix elements (xz,y|Pi|Xx,n) can be obtained 
easily by the usual angular momentum algebra, though we will not pursue that here 
any further. 

However, to conclude our formal derivations we will prove the relation 


6rXmu = —X—wu With rd, =) xsi, (10.54) 


where 6, is a scalar operator, so 6,X,,,, has the same eigenvalues j and py as 
X«,u» First we note some properties of the parity of a state. Parity is determined 
by the transformation properties of the spherical harmonics. For the transformation 
(J, y) as (wr = et Th), 


Vim(m — 9,9 + ©) = (-1)' Yim, 9) (10.55) 


follows. Hence the parity of a state is determined by the orbital angular momentum, 
and is thus given by (—1)'. Therefore we can make the ansatz 


OrXre,p = AX—Kyp + DX ps : (10.56) 
As 6, changes its sign under parity transformations, b must be zero; thus we can 
write 
(1) = (1) ae (10.57) 
too, with S,, = «/|«K| and 
= l for j =1—$ 
~ (-l-1 for galt et 
or 
i { K for K>0 
—-kK-—1 for «<0 
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Furthermore we define the 7 related to —x: 


T=«-1 for «>0 , T=-«% for «<0 , and 
2 Nye for kK >0 , 


——! = 5S. ior h <0 


which we have used already in (10.57). 

Changing parity yields, for constant j, a change of the orbital angular momen- 
tum by one unit. Hence the sign of « changes under the parity transformation, 
too. 

With 


(¢-A)(6-B)=A-B+i6(A x B) 
we find 

e = 1 (10.59) 
and therefore 

a’ =) 


Consequently, the phase of a remains to be determined. For that purpose we 
choose e, along the z axis and set % = 0 in the spherical harmonics. With 


A am)! 


ee, damyitim (cos 8) e"? 


GP Oe, ~) == 


and 
Prym(6) = (1M — 229"? Pita) 


we obtain for 0 = 0 


{2iE+1 
Yi md =0)= Aq fm 


Moreover, we have 


H es | 0 ‘ 
a | =) , with 


1 F, 0 
aalth and GzX.~=—\, 


Thereby we obtain for fixed p: 


21+1 : 
Xr = ee (157 |0n) xp 


Oz2X 


RI 
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If we use 2 as the eigenvalue of G,, we arrive at the defining equation for a: 
a2 +1 (T4j|Ou) = 2uv/2i +1 (147 |0n) 
It is useful to investigate the four cases j = / + 4 and pp = ES separately: 
()jalt+, paz 
f=f—S.2Si14+1 ; 


hence it follows that j =/ — 4, and 


pus P+1 
av 2I + 1(-1) = J2I WR (10.60) 
From this we get a = —1. 
Qg=l+5, p=—37: 
= See =e (10.61) 
3)j=l-4, p=: 
C= PS 


From this follows j = / + 


aVviel==—Vio, 2a==1 < (10.62) 
(4)j=1-}, p=-t: 


aVl+1=vV-1 , a=-1 . (10.63) 


This proves the assertion of (10.54). By numerically solving the coupled differ- 
ential equations (10.52) one finally obtains the R-dependent wave functions ¢;(7, R) 
and the energies £;(R). The latter are usually represented by a so-called correla- 
tion diagram, where the energies of the states of the separated systems (Z,, Z2) 
are connected to those of the combined system (Z; + Z)). The molecular states 
are ce according to the good quantum numbers j,, with the eigenvalues 
(el , 3, io ., which are also specified by o, 7, 6,.... In most cases one assigns 
to the molecular state, in addition, the quantum numbers of the appertaining state 
in the combined system R = 0, so that altogether we obtain the designation 


ae 


Isyyo ,) 2piy2o, apsyxo ys DpayaT 


In the case of identical partners in the molecule, there exists a further constant 
of motion. Indeed the parity operator commutes with the Hamiltonian and with 
jz, So that additionally one can distinguish between even (positive parity) and odd 
(negative parity with respect to the centre of mass of both nuclei) states. 

As an example of a relativistic correlation diagram we show the calculated 
binding energies of some bound states in the Pb—Pb system (Figs. 10.2-10.4). In 
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is 30 50 100 300 500 1000 3000 = = ©R[fm] 
"7 alas aceasta dna 


(dpu 
et 
oe t.u Cea 
aoe pace |e ee —— 
iu 0 clm a 
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order to emphasize the various dependences of the energy eigenvalues on the two- 
centre distance R we have chosen different representations of the Pb—Pb correlation 
diagram. First we have displayed in a double logarithmic scale the 21 lowest 
o (full lines) and 7 states (dashed lines) in the range between R = 15 fm and 
R = 3000fm (see Fig. 10.2). The relativistic fine-structure splitting between the 
states 2p3/.0 and 2p,/20 at R = 15fm with the magnitude of about 316.6keV 
is especially noteworthy. The finite extension of the Pb nuclei was considered 
in these calculations, too; however, the interaction between the electrons was not 


LYS 


Fig. 10.2. Correlation  dia- 
gram for the (symmetric) 
Pb-Pb system with double 
logarithmic scale. The ab- 
scissa shows the two-centre 
distance R, the ordinate 
shows the binding energy 


Fig.10.3. Correlation dia- 
gram for the lowest levels 
in the Pb—Pb system in a 
linear scale illustrates the 
strong increase of the bind- 
ing energies for small dis- 
tances (R — 0) 
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E ee 


—22 Pb+Pb @ 


= wal — o-State. 
---— 7-Slate 


SS oe fay ee 


regarded. Furthermore the delayed crossings between the 3p;/20 and the 2p3/20 
state at R = 18fm and between the 4p;/20 and the 3p3/20 state at R = 15.5 fm 
are interesting. The energy levels in the squares I and II between 300fm and 
1000 fm are displayed separately with a linear scale (Fig. 10.3) for greater clarity. 
The rapid change in the energy of the most strongly bound electrons in the range 
of small two-centre distances is most impressive if one chooses a linear scale for 
the representation of E as a function of R (see Fig. 10.4). Here the left column 
(ordinate) represents the binding energies in the combined atom with Z = 164. 
In the range 15fm < R < 100fm we find the following energy changes: 330 keV 
for the Iso state, 208keV for the 2p,/.0 state and 91 keV for the 2so state. 
For comparison, we mention that the ls binding energy in the element Fermium 
(Z = 100) “only” amounts to 141 keV, while it is close to 900keV for Z = 164. 
The rapid increase of the binding energies of the interior electron shells with 


— tt 
300 500 700900 reff} decreasing two-centre distance R reflects the fast approach of overcriticality in the 
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Se 7 3dspm 
=i 
— 46 
— 48 
— 50 


300500700“ 900 RIF] 
Fig. 10.4. Expanded sections 
from Fig. 10.3. The noncross- 
ing of levels with at least one 


different quantum number is 
clearly noticeable 


limit R — 0 of these superheavy systems. This is most important with the “decay 
of the vacuum” in supercritical fields. 


11. The Foldy—Wouthuysen Representation 
for Free Particles 


As discussed in the previous chapters, the spinors in the Dirac theory consist of four 
components. In the nonrelativistic limit, for spinors belonging to positive (negative) 
energy states, the upper (lower) two components beecome large compared to the 
lower (uppeer) two components [cf. (2.44), (2.72)]. The question arises, whether 
there exists a representation that reflects this property as a general feature, i.e. also 
for large velocities of the particles. 

Thus, we will search for a unitary transformation that, when applied to the 
wave function of a free spin-5 particle, yields for fixed sign of the energy a wave 
function completely determined by only two of the four components. However, 
as mentioned before, in the Dirac representation the wave function is generally 
determined by four components. In the following we will first discuss two different 
possibilities of such a unitary transformation and subsequently we will illustrate 
the transformation of some operators into the new representation, called the Foldy— 
Wouthuysen representation or, alternatively, ® representation. 

The change from the original Dirac representation to the @ representation can 
be achieved by a unitary transformation 

2 a (11.1) 

2E, (moc? + Ep) 


where H; = c&- p+ moc? denotes the Hamiltonian of a free particle, as before. 
If we use al = &,, B' = B and take into account that p is a Hermitian operator, 
we can prove that U is indeed a unitary operator: 


Wa A 2 tL. AA # 2 
ATs COT ad ala + E,) (cB& + p + moc + E,) 


II 


—_—__.__ (c& - 6p 24 Ey) (cha +f 2 +E 
2E, (moc? + Ep) (c& + PB + moc” + Ep) (cB& - p + moc* + Ep) 


1 
~ 2E, (moc? + Ep) 
+ c& ppi(moc? + Ep) + (moc? + Ep)” ) 
= d ( 
~ 2E, (moc? + Ep) 


(*6" + (moc? + E,)cB& -p 


ae — mgc* + moc* + 2E,moc” + E>) = lx (EZ) 


Sometimes U is specified in a slightly modified form, which we quote here for 
completeness: 
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fee BH; + Ep Ba -p moc? + Ep 
2E, (moc? + E,) 2E, (moc? + E,) 2Ep 
,) we 
moc? + Ep, 2 E, 
1 moc? a | | moc* 
BG G2 in eee 5 ae ere eis Mees i Fee 
i at, E, } ’ a 
where p = |p|. 
The wave functions in the ® representation are related to the original represen- 
tation by 
o=Uy (11.4) 
Simultaneously, all operators need to be transformed according to 
Ae =UAUt . (11.5) 


Since the operator of momentum p commutes with U, it remains invariant 
under the transformation, i.e. 


fe=p . (11.6) 
With respect to (11.5) we transform the Hamiltonian A; into ® representation: 


A nn “a 2 a mE 4 ING 
pegs p + Bmoc) + E, (cé B+ Bmigc?) (c& p+ moc?) B+ Ep 


2E, (moc? + Ep) 2E, (moc? + Ep) 
(11.7) 
It is useful to evaluate jefe first. Using the relation Bay, = —d,8, we find 


A? = (c&-pt Bmgc?) (capt Bmgc*) 
= © pf + c(&+ p)Bmoc? + Bmoc?c&- p+ mact = c?p? + mec 
— E2 a E2 
= Span? 


4 


where the last equality is justified if the operator ne acts on plane waves. Further- 
more we evaluate 


BAB = B (cpt Bmgc’) B= -c&-p+ Bmoc? =2mc?B- A; , 


and hence, we finally have 


f= PE EEF (GE? + E,Ay) (Ac + Ey) 
a aC EEaR| (GE, A;B + BE? + E38 + Ey AsEp) 
= ee (E22moc?A + 2GE?) 
__ 2E2B (moc? + Ep) ey (11.8) 


-2E, (moc? + Ep) 
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The Dirac equation 


Hyp = ew (11.9) 
now reads 
BEpp=ed . (11.10) 


This concept has already been illustrated in Chap. 1 for the Klein-Gordon equa- 
tion (cf. the Feshbach-Villars representation). Now we want to introduce a differ- 
ent method to find the Hamiltonian in the ® representation, originally proposed 
by Foldy and Wouthuysen. Again the idea is to search for a unitary transformation 
U which will remove from the Dirac equation all operators of the type & that 
couple the large to the small components. We will term any such operator an odd 
operator, e.g. G, 4;, 4s: whereas an operator that does not couple large and small 
components, such as il, 3, 3’, is called an even operator. 


We write 
¢=O0p=e%p , where (11.11) 
vito =e 8 if 1 (11.12) 
and § is a yet unknown Hermitian operator. From 
in? 
Asad = cd ; (11.13) 
Woe 
it follows that 
aa ep OS 0S 
Aig ea) = ihe® = Ae ey = Ay — ha ed ; (11.14) 
Multiplication by 2 from the rhs results in 
Ay =e* He — A (11.15) 


If § is explicitly known, this relation enables us to determine the Hamiltonian 
in & representation Hg from the original Hamiltonian H. In the following we will 
restrict ourselves to time-independent transformations S$, i.e. we presume as /dt = 
0. For § we try the following ansatz (note that the field-free case, as considered 
here, implies that one simply may move over the momentum space representation, 
where p = p): 


oe Pp 
as (=) Aa ae v(2) : re) 


where the function w(p/moc) will be specified later. It is obvious that 5 is Her- 
mitian. For the Hamiltonian of free Dirac particles in the © representation it holds 


that 


“ 


(c& +p + Bmoc’) ei — eiS 8 (cB& + p+ moc?) e* 
=e Be (c&-p+Bmoc’) , (11.17) 


Polls: 
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since § commutes with Gp - &. Using the relation 
B (Ba +p)" = (-1)" G&- py" B , (11.18) 


we can write 


n! 


= = (=) (B&- PY np _ i8p (11.19) 


n=0 
where we have expanded eS ina power series. Hence (11.17) becomes 
As =e" (c&-p+ Bmoc?) . (11.20) 


Next, we expand Ee. ie. 


ne oe 
+(& P =e | (11.21) 
With regard to the expansions 
Bed 4,4 
cos (2) = (p/moc)w* | (p/mocy"w" 


2! 4! ee: 
SA, : an A ' - 3 
BEEP {P| Seeuees| aee pe mot (11.22) 
Pp moc Pp moc 3! 
and (G&-p)? = —p*, we see immediately that He can also be written as follows: 
He = [cos (Fw) + (jae sin (20) [cd “pt Bmoc?] 
moc P moc 
= 8 mc? cos (Zw) + cp sin (2.)| 
moc Moc 
a mee [pc cos (2) — moc’ sin (24)| . (TE23) 
P Moc moc 


We will have reached our aim to remove all odd operators, if we can specify w 
such that the bracket ~ & - p/p is eliminated. Rearranging this expression yields 


[pe cos (Zw) — moc? sin (2-»)] 
Moc \ moc 


= plone (Zw) [ __ Moe ee 
ge P cos[(p/moc)w] 


= pc cos ay 1- ae tan at, ; (11.24) 
Moc Pp moc 
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If we now choose 


Moc Pp 
Ww = —arctan aS 
a ( -) (11.25) 


it follows that 


i.e. with our choice of w the odd part of Hs vanishes and we get 


As = B mc? cos (2) + cp sin (2) . (11.26) 
moc moc 


Using the trigonometric relation 


arctan x = arcsin ————— = arccos —————— 


ee exe 


which holds for x > 0, then 


—_ plimc 


B NE? 
Tee a Wee? ae 2 
ae Sane 4/ p> +m Bye 


= Ber/p? + mc? = BE (11.27) 


Obviously this result is the same as in our previous calculations [see (11.8)]. 
Next we calculate the sign operator A in the ® representation. A was defined 
as [see (2.48)]: 


a nf aA 2 
ce 2 IR I ae (11.28) 


ae cy) p? + mec? 


or in the momentum representation: 


aS “ De 
fa CPt bmoc” (11.29) 
E, 


By use of He we get 
As=tAdi=6 . (11.30) 


For the following calculations it is necessary to know the @ representation for the 
operator &. Therefore we calculate 
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Go E 
fp = Ca) = Caebaitnts tine ee ee 


2E, (moc? + Ep) 
Ua p)a(a-p) ch(a-p)a+(&-p)cB  & (moc? + E,) 
mp SE C=» 
2E, (moc? + Ep) 2Ep 2E, 


and replace 
cp = =— = (EB 4° moc?) (ED — moc’) 
By use of the commutation relation 


Cry Gy + OO, = 26u 


follows 
WA AA ¥) a Dini iar 
(a: p)Q(a-p) _ 2c" p(a- Pp) cp a 
2E, (moc? + Ep) 2E, (moc? + E,)  2E, (moc? + E,) 
and 
ch: pat &(&-p)cB _ cB(&-p)& + 2chp ~ch(&-p)& _ chp 


2E, 2E, E> 
Next we collect terms: 


jets — m2c*) & + & (m2c* + E? + 2E, moc? & (2E? + 2E, moc? 
of 0 p P pat Pp P 


A 


= — a, 
2E, (moc? + Ep) 2E, (moc? + Ep) 
and finally get 
Dae. A 
Ais = eee ; (i139) 


Ey (Ep + moc?) Ep 


By a similar calculation it can be shown that the even part of the position 
operator is given in the © representation by 


Ac(S xX p) 


= O[r)0' =r - —_——— ies? 

[r]e [r] a aE C2) ( ) 

where 
incA . _ ike*p 

[r] = 5 (r a Ar A) = =Trt+ 2B, 2B? (11.33) 

while the odd part reads 
ihe [,,, c?B(&-p)p 

{r}o = U{r}ut = 63 +————-=——_]_, 11.34 
with 

{r} = h¢r — ArA) 
For calculation of rg, the relation 

re = Url! =r and (V,U") eee, (11.35) 


is quite useful (see Exercise 1.18). 
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Finally we want to transform explicitly the Dirac plane waves into the @ rep- 
resentation. The projection operators (7, and [T_¢, which project out from an 
arbitrary Dirac wave the states with positive or negative energy respectively, read 
in the ® representation: 


f.e=30+8) , He=}0-f) , (11.36) 


where $(1 + (3) has the explicit form 


mn 0 0 6 ey ee 

lego pO. 1 0 1-6 _ {0000 

ee Rc ool Sees a (11.37) 
0000 0001 


With these relations we may show that in the @ representation the wave function 
for a given sign of energy is completely described by two components. In the 
usual representation the orthonormalized wave functions for states with a given 
momentum in the z direction, given sign \(= +1 or —1) of energy and given spin 
projection & - p = 4 or —4, follows from (2.34): 
1 
2 0 ipz/h 
HANSM ar € ss 

Wp ,d,1/2 = Fane ha eter a! oe 7h\3/2 €= AE, ; Prop ; 
2é moc? +E (27h)3/ 

0 

ey 

moc2 +E 1 eipz/h 

Wy,d,-1/2 = aan 0 Qnhs2 ’ 


Transforming according to ¢ = Uw, we need 


ape il 0 6 0 6 S61. Soe. 
pa=(o 1)(3 0)=(-2 0) me a=(0 1) 


then it follows that 


0 0 1 0 
ie or 0.1 
pal) Oso, * 
0 1 0 0 
and, using c*p? = (E, + moc”)(Ep — moc”) we obtain 


=> — 0 
: : 2Ep (2h)?! —Cp1 Cp 
0 
1 =; 
eipz a 
= : Onnyee 6-p=p and (11.39) 
0 
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Gna 


1 eiPt/h —*— +imc* +E 
Pp 1-1/2 = 3E, nhs? moc? + E, ; P 
cp — cp 
0 -— 
1 ag 
Siig Qnhy/2 (11.40) 
0 
The states with negative energy read 
1 
Ep» — moc? 0 elpz/h a 
Up,-1,1/2 = an . Ps Conner » Dp G@=p and 
0 
0 
E, — moc? 1 eipz/h 
Vy, —1,-1/2 = ~2E, ie One” p-G=-—p 
From ¢ = UW we calculate 
—¢2p? , 
E, — moc? + moc* + E, 
1 WE, — moc? elPe/h 0 
Pp,-1,1/2 = 8 0) aE (moc? + E,) (—cp) 
p \/Ep + moc? (2h) <¢p:+ “eee 
E, — moc? 
° (11.41) 


The first element of this column matrix is zero, the third element results in 
—2cpE, /(E, — moc*) and we get 


Ep — moc? _ E, — moc? 


VE, +moc? = Ep + moc?./E, — moc? 


_ _Ey—me? ——__—E, — moc* 
1 (moc?)” ae 
This yields 
0 
0 elpz/h . 
Pp,-1,1/2 = 1 (Qnhy3/2 », O°-p=p , (11.42) 
0 
and, similarly, 
0 
0 eipe/h - 
Pp,-1,1/2 = 0 | QrAp ° CD ape (11.43) 
~—1 
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Now, © can always we written as 


) 
P= +o = (0) 11.44 
+ Ge) ( ) 
and using the projection operators one obtains 
n~ w(p) A 0 
Oo = (is) P= a= (ise) Oo = : 
+ = (Ilys) ( ; ) (IT_o) (, ol (11.45a) 
where w(p) and v(p) can, in fact, be written as two-component functions 
w 
w(p) = ( ') and v(p) = @) (11.45b) 
W2 U2 


11.1 The Foldy—Wouthuysen Representation in the Presence 
of External Fields 


If external fields are coupled to a Hamiltonian A, then A always contains parts 
coupling together the free positive and negative energy solutions. In the case of 
weak fields the role of the odd parts of this operator can be neglected. The Foldy— 
Wouthuysen transformation, as an approximation of the exact solution, is therefore 
only applicable to weak fields, where it systematically improves the approach. In 
performing the transformation we are guided by the example of the case of free 
fields. Again, we split up the Hamiltonian into 


A = Bmc?+é+0 , (11.46) 


where (3 corresponds to the remaining even part of H (€ © even) and O to the 
odd part (O < odd). Inclusion of external electromagnetic fields yields 


“A 


C= ce (p - -A) and +é@=eVir) , (11.47) 


where V(r) is the Coulomb potential. In analogy to the case of free fields (11.16) 
we introduce a tansformation of the following kind: 


A’ =e (11.48) 


with the intention of minimizing the odd parts of the Hamiltonian Hf’, or even to 
make them vanish. In analogy to (11.16) we choose 


* 1 AR 
es Oa 11.49 
2moc2 ( ) 


i.e. 5 shall not explicitly depend on time. If the fields occuring in (11.47) depend 
explicitly on time (and thus also the Hamiltonian) the transformation S must gen- 
erally also be time dependent. Then it is usually not possible to construct S ina 
way that all odd parts of H’ disappear in any order. Therefore, we restrict ourselves 
to a nonrelativistic expansion of the Hamiltonian H’ into an exponential series of 
1/moc”. More precisely, we take into account only terms of order 
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2 


(“= =) aa (kinetic energy) - (field energy) 
m6 


moc2 Ce 


We expand the exponential function into a power series 


A ‘6 262 a _i)$ —1)2§2 
a= (1454 r Ja (ia z) 7S ) +] 


1! 2! 


+25, emma ee lies | i (11.50) 
Mee az (ee 


H rT Sots 7 Pid i (=1)5 
ers Leen eee 
= (,[8,4]_| => [8,88 - #8] 
aie 
= = (8A ~ $48 —5A8 +85) . (11.51) 


We can check the validity of this general commutator expansion (11.52) by con- 
sidering the operator function 


A Lea ‘\@ Xx ley, 
iAS -idvS 
F = H = ) =f 
me 5 =e n!} & M 


and by verifying 
dF is: 7e ZF -idS 
ry | Seale =? 


as well as 


nf as on A Pers Be FS 
or =e 6, [S,---s8.41_] "| eis 


Thus the validity of (11.50) easily follows for A = 1. 
In the following we make use of the relations 


BO =-O6 and Bée=é6 . (11.52) 


Expanding the Hamiltonian AH’ into powers of 1/moc?, we restrict ourselves to 
terms up to order 1/méc®. Then we can write H’ as 


a =A +i[8.@]_-5 [8.18.41] -5]5,[5,8,4) ] | 
_— 5 [8 [8.18.4m_]_| re (11.53) 


Up to terms of order “one”, H’ is given by 


A’ = Bmoc? +€+ 0 +i [S, B]_ moc? : (11.54) 
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Now we calculate the various commutators of § and H : 


i[8,A]_ =i((- = ae (Bmgc? +0+8) — (Bmoc? +0 +2) ( = 30) ) 


SIMA lumens I gies tA ears i BA 
= oO 02+ -0 — é 
(; ee me” a Te 7 peepee 
= —(()) 2 
lee 2moc2 oaalae aoa 
Dy) ‘ ' AA A 
Tee a a i Te, ae ~ GO GB 
ay ave ei lal = ——— 3O =) Zee 
Al Pee | =i SRO nif Co eo ge 


(11.56) 


~ a8 [0 Beh ieaels (11.57) 
0 


We take into account only terms of the order of 1 / méc® ; thus we get 


a(S. [5. [8.01] ] ] = ee. (11.58) 


> Gale 
6mgc 6m5 


~ 24m c6 
Next we collect the terms of (11.54-1 1.58), which yields 
A - & A i] A a 1 aR An 
/ 2 a ax 2s. 
= = amet 0? 
H’ =Bmoe"+@+0-O+4 2mpc2” 19: €)- a= Se are a2 
1 03 ] aA A 


= Bmoc? eae ; (11.59) 
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At this step we might simply argue: Let us omit all odd terms of Hi’, i.e. the 
last term of (11.59) with the odd powers of O. But we may also formally reduce 
the odd part of A’ by further Foldy—Wouthuysen transformations. At this point we 
perform a second transformation 


A A leer il aig ies 
Sh —-— 380! = —— 3 | (ele oO 11.60 
aes oe Sige? (<8 ale 3m)c4 ) ( ) 
and obtain 
A ‘Glia -o/ A ] A Aa 1 A 
Yo Abs 1,-iS) __ 2} al toa 3 
A” =e f'e = Bmoc +24 sah [O', ee » OLED 


The term proportional to 0” contains large powers of 1/moc* and therefore it can 
be neglected; thus H” is given by 


A" = Bmoc? + é + B(O',2|_ =Bmoc? +2 +0" . (11.62) 


2moc2 


O” is of the order of 1/m3c‘. To eliminate O” we apply a third transformation 


it es reese ih (11.63) 


ci al i (11.64) 


By neglecting the odd terms proportional to 1/mc°® this yields 


=Hg . (11.65) 


To illustrate this procedure we now calculate the various terms of Hg explicitly. 
Here we make use of the following, already known relations for two arbitrary 
vectors A and B: 


(4: A)(&-B)=A-B+id-(AxB) , (11.66) 


with which we obtain 


=~ (p-£4) +8 (p- <a) x (p- <a) 
= 5 (p- £4) - 8x At Ax) 


Here p = —ihV and curl(f A) = f curl A + gradf x A. This expression can be 
further simplified as 
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ae 1 e .\2 eh 
a Oe ee 
2moc2 2mo ( NG 2m oe ves 
| a ae ae a 
on (p = A) Saas (11.67) 


Next we look at the commutator [O, é]_ 


1 e e 
Oo: a a A . A ae fs A - A Baie, 
8m re a = 8méec4 (ca (6 -A) eee ( Za) 
1 ich 
= ars 2 Brzetichee VV = Bmact« ca-E ; (11.68) 


and, according to (11.65), at the commutator [0, &- E]_ 


Rien 
(Os 
|  Bmicd epee E| 


of me 
er é igh a peace 
= cd ya” = ees 
{ (6 C ) 8mpc4 8méct (ca (° “a))} 
bo iene? 
== | P, 8 204 B : 
ieh : ; : Le p 
= 5303 (—iN(V - E) ih. V + ih V +i8 «(6 x E) iS) (E x p)) 
0 
ieh 
ae 73 ( ih(V -E)+hd'-(V x E)-id'-(E x p) —id’- (E x p)) 
0 
eiec- i at 
ages YE + Bm2 oss) pone ae — 3. (Ep) (11.69) 
Adding the various aannee we have 
He — Ht 
n 1 e ,\2 1 
2 Ps a4 
= eee eae A) aes 
p (ec + amo ( - ing ) 
1 a A 
BoA ben. B)- eh - =; 3 (curl E) 
2moc 8m 
eh mee = a 2 "div E 
ois Ae (E x p) — Bmac4 iv : (11.70) 
Now it seems eres to discuss the re terms of (11.70). The terms in the 
first parenthesis result from the expansion of [( —e/cA)+ mo| ce and describe 


the relativistic mass increase. Subsequently follow terms describing the electrostatic 
energy and the magnetic dipole energy. The next two terms, which actually are 
Hermitian only if taken together, contain the spin-orbit interaction. This can be 
seen particularly clearly under the assumption of a spherically symmetric potential 
with curl FE = 0, when 

Perey OS eee 2S. B (71) 

r Or r Or 

Thus we have 


F eh 10V zB 
A spin-orbit = 4m? Ayicee By. —(5- “Ly . (IE72) 
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Fig. 11.1. Qualitative scheme 
of the energy levels of the 
hydrogren atom 


This spin-orbit interaction is responsible for the splitting of states with the same 
orbital angular momentum J, but with different total angular momentum j. This 
interaction also is very important in nuclear physics for the classification of single- 
particle states of nucleons, but there the spin—orbit interaction is not of electromag- 
netic origin. The last term of (11.70) is the so-called Darwin term. It results from 
the Zitterbewegung of the electron over a region of a magnitude comparable to the 
Compton wavelength (2.61). For point-like nuclei we can write 


div FE = —Ad = 4g, = 47 ed(r) 


Considering now that for nonrelativistic wave functions only the s state do not 
vanish at the origin, and thus only ¥%,(0) # 0, one immediately realizes that for 
light atoms the Darwin term mainly results in an energy shift of the s levels. 

Finally we look qualitatively at the level scheme of the hydrogen atom (see 
Fig. 11.1). The fine-structure splitting due to spin-orbit coupling is quantitatively 
the largest contribution of the relativistic theory compared to the nonrelativistic 
Schrédinger description of the hydrogen atom. The previously discussed contribu- 
tions of the Hamiltonian yield good agreement between the theory and experimental 
data up to the year 1947, when as an additional effect the hyperfine splitting had 
to be taken into account. This splitting of the two normally degenerated spin lev- 
els. In 1947 Lamb and Retherford discovered a further shift of the 25,2 level 
against the 2p, level (indicated in the figure), which should be degenerated if 
exact solutions of the Dirac equation are considered (refer to Exercise 9.6 and 9.7). 
The physical origin of this quantum electrodynamical effect is the interaction of 
the electrons with the fluctuations of the quantized radiation field (self-energy and 
vacuum polarization), the so-called Lamb shift.! 


3d52-———= 
2 3p3 I] = 
a2 3pin 
2p3/2 
ampeine: fine structure 
SSS SOS = 
2pin 
lsip hyper-fine splitting 


' This is discussed in more detail in W. Greiner, J. Reinhardt: Quantum Electrodynamics, 
2nd ed. (Springer, Berlin, Heidelberg 1994). 
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Until now the solutions of the Dirac equation with negative energy have been a 


puzzle. Attempts similar to those we performed with the solutions of the Klein- ==3 i) dana” 


energy continuum 


Gordon equation, where the energy turned out to be positive (by the Lagrange 
formalism) for solutions with positive and negative time evolution factors, proved 
unsuccessful (cf. Exercise 2.3). Solutions with negative energy appear almost ev- 
erywhere when we are concerned with processes of high energy or with strongly 
localized wave packets (see Exercises 8.4, 8.5). At this point we have to confront 
this dilemma and find a proper solution! 

The existence of solutions with negative energy in the previous interpretation, 
as single-particle states of the electron, obviously leads to trouble and physical 
nonsense. Let us consider the electrons in an atom, the spectrum of which is once 
more given qualitatively in Fig. 12.1. 

The bound states directly below the positive energy continuum, with E < moc’, 
are in general in very good agreement with experiments. It is beyond any doubt 
that these are the bound states of the (one-electron) atom. 

An electron in the lowest atomic state (1s) could lose more energy by con- 
tinuous radiative transitions. Thus an atom would be unstable and, because of the 
continuous emission of light, a radiation catastrophe would occur. However, such 
effects have never been observed! If this decay could happen, our world could not 
exist. Hence we have both a principle to uphold as well as a practical problem to 
solve to avoid electrons falling off into the states of negative energy. Neglecting 
the radiation field, the bound-state electrons would be stationary. By switching on 
the field (of course it is always “switched on”), and the use of radiation theory 
and of the wave functions found in Exercise 9.6, an infinite transition probability 
is obtained particularly if one takes into account the infinitely large number of 
final states in the lower continuum (see Exercise 12.1). But this is of course sheer 
nonsense! We must find a new physical idea to remove this dilemma, and, in its 
original form, this was provided by Dirac.' He assumed all states of negative 
energy to be occupied with electrons (see Fig. 12.2). 

The vacuum state is defined by the absence of real electrons (electrons in 
states of positive energy), and all the states of negative energy are filled with 
electrons. The vacuum state is the energetically deepest stable state, which can 
be realized under certain conditions (constraints such as, e.g., external fields). In 
the absence of the field the vacuum represents the lower (negative) continuum 
(it is also called the “Dirac sea’), whose states are completely occupied with 


! P.A.M. Dirac: Proc. R. Soc. (London), A126, 360 (1930); see also J.R. Oppenheimer: 
Phys. Rev. 35, 939 (1930). 
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bound 
0 States 


A) negative 
energy continuum 


Fig. 12.1. Illustration of the 
radiation catastrophe of a ra- 
diating electron in an atom. 
It falls deeper and deeper 
by continued radiative transi- 
tions 


ee of 
positive energy 


states of 
{) negative energy 


Fig. 12.2. In the hole theory 
the states of negative energy 
are occupied with electrons 
(X). According to the Pauli 
principle, each state can con- 
tain two electrons, namely 
one with spin up and one 
with spin down 
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y-quantum 
energy hw 


hole 
(positron) 


Fig. 12.3. A photon of en- 
ergy fiw > 2moc” creates an 
electron—electron-hole state. 
The hole is interpreted as a 
positron; hence the process is 
just e~ — et pair creation 


electrons. This physical assumption of the negative energy continuum filled with 
electrons has very important consequences. We perceive at once that the radiation 
catastrophe mentioned above is now avoided because of the Pauli principle, which 
forbids transitions of real electrons into occupied lower states. On the other hand an 
electron of negative energy can absorb radiation. If the energy fw of the absorbed 
photon is greater than the energy gap (fw > 2mpoc?), an electron of negative energy 
can be excited into a state of positive energy (see Fig. 12.3). 

In that case we get a real electron and a hole. The hole behaves like a particle 
with charge +|e|, because it can be annihilated by an electron (e~) with charge 
—|e|; thus the hole is the antiparticle of the electron and is named positron (e*). 
Obviously the creation of an electron and electron hole by photons is to be identified 
with electron—positron pair creation, with a threshold energy of 

hw = 2moc* (12.1) 
Alternatively, we call the process where an electron drops into a hole, thereby 
emitting an appropriate photon, pair annihilation (or matter—antimatter annihilation, 
or ete~ annihilation). The energy balance of the pair creation is 


hus = Eetectron with pos. energy ~~ Eetectron with neg. energy 


= (+6 /p? + moc? ) - (-cvp? + moc? ) 


= Eetectron + Epositron (12.2) 
and we can associate the electron with the positive energy 
Eetectron = +C4/ p? + mec? (12.3) 


So far this is nothing new. What is new, however, is that according to (12.2) we 
have to give the positron (electron of negative energy) a positive energy, namely 


Epositron = +e \/ p ae mac? 


In the special case of vanishing positron momentum p’, it follows that the positron 
has the rest mass 


(12.4) 


2 


(Epositron) ot rest = M0€ (12.5) 


Therefore positrons (electron holes) have the same rest mass as electrons but op- 
posite charge (as we have shown above). Similarly we obtain the following mo- 
mentum balance: the photon has momentum /ik, which is distributed to electrons 
and positrons. We conclude that initial total momentum = final total momentum, 
Be: 


’ 
Ak + (D' electron with neg. energy = (P)electron with pos. energy OF (12.6) 


hk = (P)electron with pos. energy — (P’ )etectron with neg. energy (12) 


and write 


Rk = (P)etectron + (raion (12.8) 
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Hence, the positron has the opposite momentum to the electron, and negative 
energy. Indeed, a missing electron (negative energy) with momentum p’ should 
behave like a positively charged particle with the same mass and opposite momen- 
tum. In this way we can easily explain the previous paradoxical fact that the mean 
particle velocity of electrons with negative energy equals 


2 
a C“(P)etectron with neg. energy 


E, (12.9) 
[see (2.62) ff.], since we are now dealing with the positron velocity, i.e. 
—e 2) stron with neg. energy _ +c7(p) positron (12.10) 


E, E, 


The most important result of the hole theory is that it is the first theory which 
introduces a model for the vacuum, i.e. for particle-free space, in a naive sense. 
The vacuum is here represented by the Dirac sea, which consists of the states 
of negative energy occupied by electrons. This vacuum should have zero energy 
(mass) and no charge. However, it is clear that the model in this simple form does 
not have these properties. The states occupied with electrons of negative energy 
together have infinitely large negative energy and infinitely large negative charge. 
Both have to be renormalized to zero, i.e. the zero point of energy and charge 
is chosen in such a way that the Dirac sea has no mass and no charge. This 
renormalization procedure is not very satisfactory (aesthetically) but it is feasible 
(though soon we will discuss a better model, see Sect. 12.4). At this stage we find 
the qualitatively important fact that the vacuum can be modified, for instance, by 
the influence of external fields: these can deform the wave functions of the states of 
negative energy occupied with electrons. Hence they produce a measurable vacuum 
polarization with respect to the state without external fields. 

Let us stress the point that the hole theory is a many-body theory, describing 
particles with positive and negative charge. Indeed, infinitely many electrons are 
needed to constitute the Dirac sea. The simple probability interpretation of the wave 
functions acclaimed in a single-particle theory cannot be true any longer, because 
the creation and annihilation of electron—positron pairs must be taken into account 
in the wave functions. 

Resume. In early relativistic quantum mechanics, the Klein—Gordon theory was 
dismissed because it did not seem to allow a proper probability interpretation, and 
also, the appearance of states of negative energy was problematic. Hence Dirac 
formulated the Dirac equation with the intention of establishing a true relativistic 
single-particle theory. As we now know, the difficulties with the negative energy 
states of the Dirac equation almost of necessity demand a many-body theory (hole 
theory), and therefore the question arises whether it should also be dropped. On the 
other hand, though, we have been very successfully applying the Dirac equation to 
many problems (e.g. prediction of spin, of spin-orbit coupling, of the g factor, of 
atomic line structure). Additionally, by extending the single-particle Dirac theory 
to the hole theory, it has new, impressive success: 


The prediction of the positron as the antiparticle of the electron was experimentally 
confirmed in all points, including the correct threshold (12.1). Equally, the vacuum 
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polarization mentioned above, as well as many other effects, were confirmed by 
experiments. The previously discussed Zitterbewegung does not vanish in the hole 
theory, though because of the filled Dirac sea one might naively suppose that the 
states of negative energy are not available due to the Pauli principle; however, 
there still exists an exchange interaction and a related scattering. Accordingly, 
virtual electron—positron pairs are continuously created in the vacuum. The original 
electron (in a bound or free state) can fill up the virtual hole in the Dirac sea, and the 
other electron takes its place, this exchange interaction causing the Zitterbewegung. 
In its physical content the Dirac theory (extended by the hole theory) is the basis of 
quantum electrodynamics, which currently is the best-established theory of physics. 

Dirac originally formulated his equation with a particular set of motives. The 
relativistic theory for spin —5 particles developed in this way had to be reinterpreted 
(hole theory) to get rid of its contradictions and became even more successful. 
Although the original motivation was not plausible from our present point of view, 
it nevertheless apparently showed the right direction. Often in the history of physics, 
a great success is achieved after a series of more or less erroneous investigations, 
which finally lead to new concepts and insights. In the following, we retain the 
Dirac equation and its reinterpretation by hole theory and extend it, also improving 
on the accuracy; however we drop the one-particle probability interpretation (except 
for illustrative purposes). 


PXAQ | titi rT ee 


12.1 Radiative Transition Probability from the Hydrogen Ground State 
to the States of Negative Energy 


Problem. Estimate the transition probability for a radiative transition from the 
hydrogen ground state into an electron state of the empty negative continuum with 
—moc? > E > —2moc?. 


Solution. This problem is to show the idea that the electron states with nega- 
tive energy have to be considered as occupied. The Dirac theory yields for the 
electromagnetic interaction (Ah = c = 1): 


A 


Aim = —ew(x)y B(x) « A(x) 
—ep! (x)ad(x)- A(x). (1) 


We quantize the electromagnetic field in a box of volume L? and insert the expan- 
sion 


A WG spf J 
= N | —ik’ «a a at ik’ sx 
A= FEY Ek’,o’ (c Ak! gt + Opn gr & ) . (2) 
ka" 


Here Oj. and 4% are the creation and annihilation operators for photons of mo- 
mentum fx and polarization o. The initial and the final states are of the following 
form: 


(1 photon with k, o| - (w_| = (fF | (3) 


It 
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and 
|i) = |i) |photon vacuum). (4) 
With this it follows that 


nate 2 
(f|Himli) = —Vame | ox PEx)avi(x) + exo el? (5) 


We use the dipole approximation exp(ik - 2) ~ 1 and the relation 


A i ~ A 
c& = > (A, &]_ : (6) 
which follows from the Dirac equation. Hence 
a 27 
(f |Hint|i) = e(Ei — Es) Ean (/ dx whedewior) "Eko - (7) 


Then Fermi’s golden rule yields 
transitions 20 27 
(Sime) = ED | ew - ar oe 
p r=3,4- ko 


2 
x |Pxvsl@ VAC) + eke] Hux ~ Bi +E (8) 


(summed over all p with moc? < E(p) < 2mgc?’). 


Ek2 


(bs |ayi) 


Ek,1 


The first bracket of (8) contains the summation over all permitted final states 
of the electron: r = 3,4 characterizes the two spin directions of the final negative 
energy states. Now we can chose the polarization vectors €,,, in such a way that 
at least one of the polarization vectors, say €%,1, is orthogonal to k (see above 
figure). From now on we set h = c = 1. With 


1 1 
eye a a 9 
y > Gap / (9) 
one obtains 


transitions ] fF 1 
eS Vi du dd dy w? sin Ye? (E, — Es)’ — 
( ao ) oa | / | | wy dd dip wy sin ve ( f) a 


2 
x lex,2\” sin? 05 (wp — Ej + Ep) . (10) 


/ Px i t(xyevi(x) 
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Example 12.1. The diagram is useful for a better understanding of (10). With 


T i 4 
/ dd sin? 3 = E cos’ 7 — cos i ==> , 
0 3 ae, 


(10) turns out to be 
transitions 4e 
(Sime) LG 
pyr 


and we also normalize the final electron states in a box with volume L°?(E = E,): 


VE=aamw'@,sye?™ . (12) 


These wave functions are normalized to 1: 


a 
i Pxyteayi(x)| , (11) 


mo 
L3E : 


, E 
[eevee ty = TR ft atx ban = by (13) 
L3 L? mo 


similarly to the wave function for the hydrogen ground state (we choose the case 
with spin up): 


1 
0 
(2moa)>/? Leh Line (ta) 
eS ee Gy moar 
wp wie ora +y)° moar)’ "e cae cos 0 ; 
od oe 
(a4 


y=Vl-a , e=4ra . (14) 


a is the fine-structure constant, ic. a = e?/hc = 1/137. With [cf. (6.30)] 
E+m = 
3+ _ 0 f Pz P 1.0 
ws) V 2mo (f=. ) 
/E +m P ap 
47 ce ee | ee Bite ee 
a (5) 2mo (ee gto.) 2) 


one obtains, with the approximations 


1-y_1~(1-a7/2) a 


3 ra = 3 <ul 
and the abbreviation 
2mpa)?/? f 1 


Jan \ 2FG +) 
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mo 


3 rt 
e e - cnt]  aEceR IFE 


2 
x Uff r? dr dd dy sin Yxa(r) ellPl Iz! cos 0 (p2 rare Py} 
2 
/I/ r? dr dd dy sin Yr cos Ba(r) eiPt 0°89 


2 
‘ S// r? dr dd dy sin Yr sin 0 sin ya(r) ei?” 298.9 


} 


p? 
= EE aE 


a ff i dr dv dy sin Yr sin cos ya(r) lpr cos 9 


Performing the y integration yields 


2 


r 


2 
ex wr! (x)ary(x) 


= pan? oi o 3 : ipr cos 0 : 
~ DE(E + m)L2 a dr : dvr a(r) sin? cos ve (17) 
and with y = 1 it follows that 
3 (2moa)?/? 3 .—moar 
r-a(r)——— r-e™ 
V An/2 
Insertion of (11) results in 
transitions | _ 8e*nmga? p'(Ei + EY 
time 7 3 >” LSE(E + m) 
2 
— " 49 re sin J cos 0 el?” 89 (18) 
with e4 = 47a, and now the # integration is performed: 
T : 1 ; us if nT J 
| dd cos ¥ sin de?" S” — — cospelPrs?|  — a dd sin 9 el?” 8° 
0 oi Si Ipr 0 
Vv 
= 1 (er aie e Pr) = 1 ipr cos 3 
ipr poe 6 
= = et ee 10 


it follows that 
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Example 12.1. . iL eh dd re" sin 9 cos 0 el?” 8? 


2 2 
= OP 
ip = (om —ip) (moa + ip) ) 


1 1 1 
Y p = — ip)? (moa + sa) 
i 4mga? —12map? 1 i4moa 


Seibel (20) 


In (18) we replace 5°, 1/L” by f d° p1/(27)°, which yields 


transitions 
time 
_AX8X eS [er 1 p4 (E, - EP 
3 (Qn)? (m2 a +p?)° E(E + mo) 


@ 
163 ei) 6 (E+ \/p? + mi) 
= —mpa® / ee SS 
3 i (mga? + p?) \/p2 + m3 ( 4/p? + m3 + mo) 


x (E; /mo tey/x et | ly 
Sma | rca SS 
J (a? +x7)6 x2 4 1 (Vx? +141) 


(21) 


The hydrogen ground-state energy is approximately E; = mp—a?mo/2. The integral 
(21) is well defined and yields a finite value, for which we want to estimate the 
lower bound: 


Vi V3 
[os x6 — (E\/mo + Vx? +1)” [os x®© (i+1) 


————— ee = — SS EEE Se SS 
(a? + x?)6 x2 4 1(Vx2 +1 + 1) (a? + 30 2-3 
Dos 33/3 92./3 transitions 5 
eee ——— ]} > 16moa 
~ 36x2x3 Tn Sete time 
16 (0.51 MeV Al 
~ 1376 6.5 x 10-2 revs Ss Wee) 


If the lower (negative) continuum were empty, then the hydrogen atom would decay 
in a very short time (tr < 10~’s). In order to ensure the stability of the hydrogen 
atom (and of all other atoms) one has to regard the negative energy continuum as 
fully occupied with electrons, so that the Pauli principle blocks those states from 
being available for radiative transitions. 
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12.1 Charge Conjugation 


The hole theory leads us also to a new, fundamental symmetry: For the electrons 
there exist antiparticles, the positrons. In general it is true that for every particle 
in nature there exists an antiparticle. Now we have to formulate this symmetry 
mathematically in a rigorous way. Thereby we shall see how the wave functions 
for the positrons follow from the wave functions of the electrons with negative 
energy, and vice versa. 

According to the hole theory a positron is a hole in the filled “sea of electrons 
with negative energy”. According to (12.4-12.7) this positron has the same mass 
as the electron, positive energy (Epositron = —Eetectron of neg. energy), and opposite 
momentum and charge as the electron with negative energy. There exists a one- 
to-one relation between solutions of the Dirac equation for electrons with negative 
energy, 


(iny- <A 2 moc) i) Oe (12.11) 


and the positron eigenfunctions. 
The positron wave function ~, has to fulfill the equation 


(iny+ ~A = moc) te =0 , (12.12) 


because positrons should have all the properties of positively charged electrons. 
Note that the positron wave function 7%, should be a solution of (12.12) with 
positive energy! 


Remark. If is of no consequences which one of (12.11) or (12.12) is labelled as the 
first (particle). Historically (12.11) was the starting point for electrons, but (12.12) 
could be considered as the particle equation, as well. The sign of the charge e of the 
particles described in the initial equation does not matter either: If we had chosen 
(12.12) to start with, we would have obtained a spectrum of solutions for the free 
positrons like that known for electrons from (12.11) (see Fig. 12.4). The negative 
energy states would then have been filled with positrons (¢) in the framework of 
the hole theory, while electrons would then have been positron holes with wave 
functions given by the negative energy solutions of (12.12). It is now our aim to 
find an operator which connects the solutions 7, of (12.12) with w of (12.11). 
This operator must change the relative sign of inY and (e/c)A. This is simply done 
by complex conjugation: 


i a 
(inz2.) Sie AL Ag (12.13) 


The electromagnetic four-potential A, is always real; thus we take the complex 
conjugate of (12.11) and after the conversion of all signs we arrive at 


: 0 é * x 
| (inser aF <A, ae + moe| iy aU) (12.14) 


Now we wish to find a non-singular matrix 0 = C7? in such a way that 
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states of 
positive energy 


states of 
negative energy 


Fig. 12.4. The vacuum of the 
hole theory based on posi- 
trons as initial particles. Here 
a positron hole is an elec- 
tron. As marked by the full 
circles (@) the states of neg- 
ative energy are occupied by 
positrons 
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Oy*0-) = yh (12.15) 


holds. Before doing so, however, let us first proceed as if U is already known. 
After multiplication with U (12.14) transforms into 


ée A. A A 
, 6] px fy—l *—( 
(ing ri ap <A, Uy U + moe Uw = 


or, with equation (12.15), 
hf 2A. \o ompel oe omee 
Bx co | wae - 


jiny+ =A ™ moc | Opt =0 . (12.16) 
For the positron wave function a comparison of (12.16) with (12.12) yields 

be = Ot = Cyyt = CH" 
The superscript “T” indicates “transposition” and means 

o = (vty) =a = 9 (a) =e (12.17) 


because of °F = 7° and yt = w*T. To determine U explicitly we rewrite (12.15) 
as 


Cyt (C9) 1 = CyPyttPE! = at (12.18) 


Now, according to our explicit representation (3.13) for the y matrices, i.e. 


j 0 Gi 1 0 
a, a pale 4 ; (12.19) 


the identity 

sigan Maa ae (12.20) 
can easily be derived. Thus for (12.18) we get 

(Cy "Cy! =a (12.21) 
and 

y= ae eee ee ee (2222) 
(C)* must commute with y! and y3 and anticommute with 7 and 7°. Therefore 

C= iy (12.23) 
is a useful choice for the operator C, and it holds that 

C =i’ =-C'=-Ci=-C™ . (12.24) 


This clearly illustrates the non-singularity of C (the inverse matrix is explicitly 
constructed). Of course (12.23) is valid in the special representation (12.19), but 
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C can easily be given in every other representation via a unitary transformation. 

The phase of the operator C is rather arbitrarily fixed by the factor i in (12.24). 

Indeed, the choice of the phase does not influence at all our current investigations. 
Thus the charge-conjugate state of w(x) is given by 
P een z ASI os 

te = CpaCPRy=CyPy* =Cy =i v'@) , (12.25) 


where K is the operator of complex conjugation. According to (12.12) the wave 
equation for ~,.(x) differs from the wave equation for 7(r) (12.11) just by the sign 
of the charge. Thus it follows: If 1)(x) describes the motion of a Dirac particle 
with mass mo and charge e in a potential A,,(x), then 1,(x) represents the motion 
of a Dirac particle with the same mass mg and opposite charge (—e) in the same 
potential A,,(x). The spinors ~ and y, are charge conjugate to each other. With 
the relations (12.20), (12.25) and 72? = ¥?, it holds that 


Wee = (i ¥*)), =i [iV @)” = PPR) = PPP YY) 
= PPP Wl) = 7-7 VY d(x) = Vix), (12.26) 
that is 
Wr =v. (227) 


Thus the correspondence between wy and wy, is reciprocal. Besides, we draw the 
following interesting conclusion about the expectation values of operators. Let 


(0) = (vlO|v) (12.28) 


be the expectation value of an operator O in the state 7. Then the expectation 
value of the same operator Q in the charge-conjugate state ~, is given by 


(Q)e = (Welle) = f wldvedts = [ (ivr)! divry' as 
= ft tory ds = [ote dry ax 
2 ‘i wtp pOyru* dx = — y vt Orb" dx 
=- (fv (P07) ver) = (Horm 
= (WhO hw)" (12.28) 


In this manner one easily proves the following relations (cf. Exercise 12.2): 


(a) (B)e=—(6) , 


Top 
=rxp+iS ; (12.30) 
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Because the Hamiltonians of both Dirac equations (12.14) and (12.12) are given 
by 
2 iy aes’ Aaa 
H(e)=cad ( it =A; + eAg + Bmoc 
ae (p = -A) + eA + Boe? (12.31a) 
or 
A(-e) = ca! (2 - “Ai ) — eAo + Bmoc? 
ee (p rs <A) AR Gane an (12.31b) 
(é 
one also deduces with the help of (12.29) the relation (cf. Example 12.3): 
(A(—e))s=—(A(e)) . (12.32) 


The results of (12.30) and (12.31) are quite interesting. Accordingly the charge- 
conjugate solutions ~, have the same probability density and probability current 
density in all space-time points (12.30e,f). Therefore the electric charge density 
and the electric current density for 7 and 7, are contragredient. Equations (12.30) 
and (12.32) express the important result that a charge-conjugated state 7, has the 
opposite momentum and energy to the state ~. The relations of the hole theory 
expressed in (12.4) and (12.7) read in their most precise form: charge conjugation 
changes the sign of the momentum and energy. 


L\ERCIS!) ttt ES 


12.2 Expectation Values of Some Operators in Charge-Conjugate States 
Problem. Prove the relations (12.30). 


Solution. According to (12.9) the expectation value of an operator Q with regard 
to a charge-conjugate state y, is given by 


(2). = Welle) =| | viarrOrvvane’s 


= -(blPO"? Ww)" (1) 
From this we conclude in particular: 
(a) 9 =6=7 


(Bye = —(lV PV Ib)* = lyr? |b)* = — (la b)* = —(Wly ld), 


and therefore 


A 


(8). =—-(B) . (2) 
(b) O = &; = 7°’: first case (i = 2): 


(A2)¢ = —(WIV P(-V7)77 |0)* = (ly? |b) = (Gr) 


12.1 Charge Conjugation 


Second case (i = 1, 3): 
(Gide = — (bly P4777 1b)" = —(Why?977 1)" 
= —(bly' lb)" = +(d17°¥' |p) 
= (Gi; ) ; 
and therefore 
a = (4) i=1,2,3 . (3) 
CWE 
--| [ verre tu@) a] = [v@xve) ee 


= (Y|Z|b)* = (Y|Z|y) 
and therefore 
(@), = (%) . (4) 


GO =p=(i/pV: 


=| [vor Mas Fv) tues] =—| [ vtertvueres 
—(blplb)* = —CbIB|y) 
and therefore 
(P)e=—(P) . (5) 
(e) Because ~'w is a real number, the following holds: 
Pete = (b7hy7"(—i)) (in? b*) = vy y? yt = oly" 
= oy" = (vty) = (vty)! = dy 
From this we conclude that 
Vive =v . (6) 
(f) If we apply the identity 
Wei the = Pry diy = pry? y?y* 


fo the cases 1 = 2 


PP yy =—P YP = 77 = do = 6} 
and i = 1,3 
PAS HPP Py = = -a 


we get the relation 


viaiv. = vrat (bt)’ = (vlad)’ = dla 


303 


Exercise 12.2. 


304 


12. The Hole Theory 


Exercise 12.2. 


because the expression in parentheses is an ordinary number; hence (compare with 


Vat = ved . 7) 


with 


We get for i = 2 


A AKA A A A A Ax a AxT 
OOO) == CHNOXC) = (09) == 10) == Gp) ; 
and? — & 3 
A AKA ADEA MAA Ae AG eA | 
Ol OF) (Fp) LOMO (OIG) ONO NO] = (Of) == Cin ; 


(e)e=—(v|(%" gor |) = coiztio = -WiSil0 


(Mile = (Li). (8) 
th) O=L=2xp=#x h/ivV: 


(LE), = —(E) (9) 


CEG) (10) 


12.1 Charge Conjugation 
DN | a i ee” eT ee ge Tia *, 


12.3 Proof of (H(—e)), = —(H¢e)) 


Problem. Prove the relation (A (—e)). = —~(A (e)) and interpret the result. 
Solution. From (12.31a) and (12.31b) we have 

A rs ‘ é ms 

H(e)=ca- (p- - A) +eAg+ Bmoc? , (1) 

H(-e) =cd- (p + = A) — eAg + Bmoc? : (2) 
Using the relations derived in Exercise 12.2 we find 

~~ ae = t Zax 2 A 3 

(&-B)o = | J ve) (-7° A" 7’) | -=V ) dla) d’x 

In Exercise (12.2b) we derived the relation —y?4"y? = y17°t = &'. Therefore 


(&+ Dp). = —(vla! - ply) = —(b|p- &" |b) = -(H|&- ply), 


(&-P)o = (+p) . (3) 
In addition, 

(B)e= —(B) , (4) 

(e&- A), =(e&-A) , (5) 

(eAo)c = (eAo) (6) 


From (1) to (6) follows 


(A (—e))e = —c(& +p) + e(&+ A) — {eAo) — (Brige?) = —(H(e)) 


(A(—e)). = —(A(e)) 


This result means that the negative energy solutions of the Dirac equation cor- 
respond to the charge-conjugate solutions of positive energy (and vice versa). In 
Exercise 12.2 we derived that these solutions have opposite spin and momentum, 
properties which allow us to interpret the solutions of negative energy (charge e, 
spin s, momentum p) as wave functions of particles with positive energy (charge 
—e, spin —s and momentum —p). Compare this with the discussion following 
somewhat later on charge conjugation of bound states! 
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12.4 Effect of Charge Conjugation on an Electron with Negative Energy 


Problem. Examine in detail the influence of the transformation 
St : 
Oo tee 
on the eigenfunctions of an electron at rest with negative energy. 
Solution. A (free) electron at rest is described by the wave function (6.1). For an 


electron with negative energy and spin down (|) we have 


0 
1 


0 
V/ ia ; 


etilmc?/hyt (1) 


p= 


The corresponding solution with positive energy and spin up reads 


000 -i 0 . 
O04 6 0 1 WS 
(b*) = ivy =i ; (5 etilmoc am 
a of Mi) a 
1 
al 0 —i(moc? /hi)t 1 
= e = : (2) 
310 
V2th 
0 


Similarly, for an electron with negative energy and spin up (T) 


0 
1 0 2 
yy = 5 etilmoc /hyt (3) 
1 ’ 
V2rh 
™ \o 


we get the positron wavefunction for positive energy and spin down (|) 
000 -i 0 


(°), = iy? b* =o ; : ; ; : ( I ia, 
i 00) 0 


A Jith 
0 
1 1 tee 
= (-1) e imc /hy)t ; (4) 
: Vinh 


Here an inessential phase factor (~1) appears. This example demonstrates explicitly 
the influence of charge conjugation: The absence of an electron at rest with negative 
energy and spin 7 (|) is equivalent to the presence of a positron at rest with 
positive energy and spin | (1). If there are no fields present, there is no difference 
between electron and positron: From (2) and (4) one sees that the transformation 
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of charge conjugates leads back to other electron solutions in the field-free case. 
This example makes the rather strange re-definition of the spinors w° and w4 [see 
(6.56)] conceivable: An electron of negative energy with spin | (|) corresponds 
to a positron with spin | (T). The u(x, s) spinors of (6.56) describe positrons with 
Spin projection s. 


EN |! st 


12.5 Representation of Operators for Charge Conjugation and Time Reversal 


Let y" and ny! be two representations of the y matrices connected by a unitary 
transformation 


eye! (1) 
Problem. (a) Show that 
=i 


r= UCU). .., (2) 


where C and C’ are the respective matrices for the transformation of charge con- 
jugation 


(b) Are the relations 

C=-C1=-Ct=-C' =i)’, (3) 
also valid for C’? 
(c) Analogously free 

To = iy'y" | (4) 
from the common representation of y matrices. 
Solution. (a) If ~ solves the Dirac equation 

(ity, - =tAy — moc ) y=0 , (Sa) 
the charge conjugated equation is 

(ity"d, ai =A moc) ¥e=0 . (Sb) 


Inserting the transformation (1) into (5a), one deduces the transformation for the 
wave functions as (y“ = U~!y#U) 


w= O'p , ” 
and analogously 


=O" (7) 


Exercise 12.4. 


308 12. The Hole Theory 


Exercise 12.5. The charge conjugated wave function follows from 
ae (8) 
With (7), (8) and the relation ~°* = 7° = 77 
Ai - (yt)" = rT ap* = Hap 0) 
we obtain 
wy = ONC = ONC". (10) 
Because of 


A. 


yl = (O-1)" p* and * as O*y!* 
it is valid that 
= Cn ee (11) 


Further we obtain 


A 


a * = (O-1)* yO" = (0-1)* po" 
= 07 (0-)" = (070) = . (12) 
Now we use the unitarity of the transformation U 
O7=odt=(0')" , (13) 


so that (11) leads to 


= eee ) 70 *y™ 

= CaO eae Te) y* 

= UaGUs as 

=O07°CO* (pty) =07COD” (14) 


Comparing this equation with the definition of C’ 


—/T 


w= Cp (15) 
we immediately get 


C=) COs (16) 


(b) We analyse the various relations (3) one after another 
A A A. — T A A A. 
C8 = | Ceram 


S25 C (0!) =e (17) 


This relation is thus conserved. For arbitrary unitary matrices U, with UV — 0* 
we have on the other hand: 


. 


12.2 Charge Conjugation of Eigenstates with Arbitrary Spin and Momentum 
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a ae ee eet ees ila nee 
et = [0-1 (0) ") = [(O7)"] et (0-7)! 

UC =U CU Ge, (18) 
C*=07C*0 =O CO FC’ (Cisreal) , (19) 
(Cy) =0'6"0 =-0' Ch =Ct4-C' , (20) 


0 
=) (CUO C(0'\) =e’... (21) 
Remark. For real matrices 0(0 = 0*) all relations are still conserved. 


(c) The operator of time inversion is defined by the equation 


rt’) = Tob*(t) (22) 
where 17 (t’) is the time inverse transformed spinor with t’ = —t. We will proceed 
analogously to (a) and obtain 

drt’) = Oot’) = 0 Top*(t) = OT" (t) = Tow"), 23) 
ines 

H= 0% (07) (24) 


12.2 Charge Conjugation of Eigenstates with Arbitrary Spin 
and Momentum 


Let 7(x) be an arbitrary plane wave with momentum p. We know how by use of the 
projection operators [see (7.8), (7.21)] to construct from (x) plane waves of the 
four-momentum p” = {ep®, p} with p® = +c./p? + moc? and spin s# = {s°, s}, 
namely 


gets) = (AMO ) (AE yeep (12.33) 


These plane waves have positive or negative energy for « = +1, respectively, and 
spin in the s direction. Because of 


[ee9s| = liv ya 77 lo =0 (12.34) 


yt = (ify) 


= ye ya 


= i (-7°) (7) (-7') 1° =i Y= 15 


= ti aie hea ke lla ee ila ke a alla 


Exercise 12.5. 
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eS te eee ee EE ee 
[using (12.20)] 
0.3%, 2%. 1x, O*, 0 3% 2% 1x Ox 


Shy ONS ey = ee 


= Sheila falls Gala ea = V5 d (12235) 


after charge conjugation (12.33) yields the state 


op a - 
(Weps de Peal CY. = Caro. 


_ ey c=) € tut)’ yr 
= (qe) (- vat)’ (49) Cyt. (12.36) 
From (12.18) we get 
Cafott (Ep) ==" 
and, further, 
pe*=+p¥ , (12.37) 


because only the momentum (a real number), not the operator of the momentum, 
appears in the projector [see (7.8)]. Therefore from (12.36), with the aid of (3.1) 
and with 7°ys7° = —7s, we get 


(oes (=| (=) Cap" 
eps Jc = 


2moc Z 
WiSg ine 1+ys9 
= (=a (=e Jw , (12.38) 


The charge-conjugated solution of eps (12.33) thus has the same polarization s,, 
but opposite energy and momentum (—ep") as the original solution. The latter fact 
is expressed by —ep = —e{p°, p}. The inversion of momentum and energy was 
expected, but (naively) so was the inversion of the polarization s,,. To understand 
why the polarization is not changed under charge conjugation, let us remember 
(6.56), where the spin projection (polarization) of electrons with negative energy is 
indeed defined with inverted sign. The same is also expressed in (7.19) and (7.20). 


12.3 Charge Conjugation of Bound States 
We now consider an electron in an attractive Coulomb potential: 


eAd(r) = can (12.39) 


An electron state of negative energy corresponds via charge conjugation to a 
state of positive energy of a particle with the same mass mo but opposite charge 
(i.e. a positron) in the same potential or — which amounts to the same ~ a state of 
an electron in a repulsive potential. Due to this correspondence the energy changes 


12.3 Charge Conjugation of Bound States 


SS eee ee eee 


(a) (b) (c) 


its sign, and, because of the -? matrix in the operator Cy° = iy”, the large (upper) 
and small (lower) components are exchanged under charge conjugation, but the 
densities and current densities remain the same. 

The spectrum of an electron in a repulsive potential is shown in Fig. 12.5c. It 
shows a series of bound states (the same number as for an electron in an attractive 
potential — case b) which lie near the lower continuum. Switching on the repulsive 
potential adiabatically, these bound positron states emerge from the lower contin- 
uum; analogously to the bound electron states, which are pulled down from the 
upper continuum while switching on the attractive potential (Fig. 12.5b). The posi- 
tive energy continuum in the repulsive potential corresponds exactly to the negative 
energy continuum in the attractive potential. This has important consequences for 
the construction of the vacuum? in the hole and field theory. Having defined earlier 
the vacuum state as a Dirac sea of negative energy states filled up with electrons, 
we can now, because of the equality of electrons and positrons (charge-conjugation 
symmetry), consider the vacuum as a “symmetrized sea of electrons and positrons” 
(see Fig. 12.6a below). A one-electron state is visualized in Fig. 12.6b. In this exam- 
ple the electron occupies the second strongest bound level. It is not distinguishable 
from a corresponding positron hole in its second strongest bound level (emerged 
out of the positron sea of negative energy into the gap —mgc? < E < moc’). Both 
configurates exist equally beside each other. If they were distinguishable, then 
no particle—antiparticle symmetry (charge-conjugation symmetry) would exist. The 
existence of this symmetry allows for the suppression of one half of the figures 
(usually the positron side) in Figs. 12.6a and b. 

We note that the vacuum state defined in this symmetrized form obviously has 
total charge zero, but infinitely large energy. The latter must be renormalized to 
zero, a subject that is tackled in quantum electrodynamics. 

From earlier studies (Exercises and Examples 9.6 to 9.9), we know that in this 
case the spectrum consists of the positive energy continuum moc? < E < oo, of a 
number (more precisely an infinite number) of discrete bound energy levels with 
—moc2 < E < moc”, and of the negative energy continuum —oo < E < —moc’. 
The bound states constitute the discrete energy levels in the energy gap between 
—moc? and +moc? (see Fig. 12.5). The states of negative energy can be obtained 
from the states of positive energy by charge conjugation, and vice versa. One 
should understand the following point very clearly. 


* Refer also to W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, 
Berlin, Heidelberg 1994). 
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Fig. 12.5. Energy spectrum 
of a Dirac electron in an at- 
tractive Coulomb potential, 
(a) free electron without po- 
tential, (b) electron in an 
attractive potential —Ze?/r, 
(c) electron in a repulsive po- 
tential +Ze?/r 
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Fig. 12.6. (a) Illustration of 
the “symmetrized” vacuum 
state, consisting of states of 
negative energy filled with 
electrons (x) and positrons 
(e). (b) Illustration of a state 
with an electron in the sec- 
ond strongest bound level, 
which is indistinguishable 
from a positron hole in the 
second strongest bound pos- 
itron level 
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Historical comment. It is amusing to read papers on the quantum theory of 
radiation.’ Trials were made, e.g., to identify the electron hole as a proton. A num- 
ber of arguments were given to justify that the mass of a hole should be greater 
than the mass of the electron, even though they were predicted by the hole theory 
to be equal. On the other hand, it should be possible, due to the hole theory, that an 
electron and a hole annihilate, with the emission of two photons. This probability 
was calculated by R. Oppenheimer, P.A.M. Dirac and I. Tamm‘ with the result that 
matter and antimatter annihilate each other in a very short time. However, when 
the positron was discovered, that which had previously caused the most serious 
difficulties became the greatest triumph of the theory. Indeed, the prediction of the 
existence of the antiparticle must be considered as one of the greatest successes of 
theoretical physics. 


12.4 Time Reversal and PCT Symmetry 


In this section we want to investigate the time-reversal transformation (7 transfor- 
mation) and show its connection with parity transformation and charge conjugation. 
Similarly to space reflection (parity transformation), time reflection is an improper 
Lorentz transformation. Yet another symmetry is the gauge invariance of the Dirac 
field w, which interacts with the electromagnetic fields A,,, and which is — as we 
know — ensured by the minimal coupling p, — (e/c)A,,. However, we do not want 
to elaborate further on this point, because for the present discussion it will be ir- 
relevant. Later on, however, (when considering the problems of renormalization in 
quantum electrodynamics) the gauge invariance will be very important. 

From (4.9) we already know the parity transformation or spatial reflection, 
which is represented by 


Py(a,t) = p'(a"',t) = W'(-2, t) = el PW(—-a, 1), (12.40) 
with 
C= 


The spinor ~’(x’,t) is usually referred to as the spatially reflected spinor or spa- 
tially reflected wave function. In the case of plane waves the momentum, but not 
the spin is reversed under spatial reflection; exactly as one would expect for clas- 
sical quantities. The parity transformation has the following effect on the various 
operators: 


PoP '=2'=-a , (12.41a) 


PoP =xi=x , (12.41b) 


> For example, we recommend Fermi’s paper: Rev. Mod. Phys. 4, 87 (1932), which was 
written between the formulation of the Dirac equation in 1928 and C.D. Anderson’s 
discovery of the positron in 1933. 

* J.R. Oppenheimer: Phys. Rev. 35, 939 (1930); P.A.M. Dirac: Proc. Cambr. Phil. Soc. 26, 
361 (1930); I. Tamm: Zeitschr. fiir Physik 62, 7 (1930). 
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Ree =p = =p. (12.41c) 

PioP— = py=Po , (12.414) 

PAo(x,t)P—' = Ab(a',t) = Ao(a,t) , (12.41e) 

P A(x, t)P-' = A'(a',t)=—A(a,t) , (12.41f) 
where 

z= —-2@ 


The first four relations are immediately understandable, while the last two (12.41e,f) 
denote the scalar and vectorial nature of the potential Ao(a,t) and vector potential 
a(x,t), repsectively. Applying the same arguments leading to (3.30), but now with 
the special parity transformation (12.40) yields 


(# - -A - moc ) ae) =O 
(Bor? + Bi! - ~Agy? S “Ai(@, ae = moc) Po'y'(a',t) = 0 
and after multiplying with P from the left 
I (607° + piy — —Agy? ~ ~A,(c, t)y' - moc ) Pa oO 
(Bor? + (+B: —1') — Aor? — = (+ Ai(@,1))(—1') — moc) Ya’, 1) = 0 


2 Spay ée é ; 
(259° + Bin — cAg(@! ty? — TAi(@!, 1)! moc Ya 0 


Fa = “f(a, t)— moc | w'(a',t)=0 . (12.42) 
Since under the parity transformation (4.1, 4.2) 

Po=Bo , t=t , 

bi=-pi , w= , 


Ao(@,t) = Ag(a@’,t’) , A(a,t) = —A'(a’,t’) 


one finally arrives at 
(a = - A _ moc) w(x’, t’) = 0 


This means: The parity-transformed wave function W'(a’,t) = PW(x,t) = 
W'(—a,t) [see (12.40)] obeys the same Dirac equation as the original wave func- 
tion (x,t). We say: The parity transformation P leaves the Dirac equation and 
all physical observables unchanged. 

How does the parity invariance express itself physically? One can express this 
most simply by a sequence of observations of a state described by a wave function 
W(a,t): These observations are registered on a film, but the pictures are taken via 
a mirror. In other words: The camera films the observation of a state W(x,t) in a 
plane mirror (see Fig. 12.7). We then call the dynamics described by a state W(x, t) 
parity invariant, if the events registered on the film as reflected images can also 
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mirror 


mirror 


(b) 


picture of state 


Fig. 12.7a,b. Illustration of 
parity. The state W(x, ft) is 
represented by a Dreibein 
(three unit vectors of a 
Cartesian coordinate  sys- 
tem), which is filmed via 
the mirror. On the film the 
Z axis appears reversed (be- 
cause of reflection). If the 
camera stood directly beside 
(in front of or under) the 
state, one would get the pic- 
ture shown in (b), with op- 
posite z axis 


be possible direct observations of the state W(x, f); i.e. observations of the state 
without the mirror. From the observation of the events in the mirror image of the 
film, we must not be able to say whether we are looking at the picture of the mirror 
image. Both must be equally possible in parity-invariant dynamics. 

We remark that a mirror image is not identical with full spatial reflection, since 
~ as Fig. 12.7b clearly shows — in the mirror only the z axis is reversed (i.e. the 
axis | to the mirror plane). Around the latter a rotation of 7 must be performed 
to obtain a full spatial reflection. However, such a rotation is a proper Lorentz 
transformation. The reflection described is thus a spatial inversion plus a proper 
Lorentz transformation (rotation). Since the theory (dynamics) is invariant under 
proper Lorentz transformations, the “mirror movie” yields exactly the information 
about parity invariance that we require. 

We now move on to discuss time reflection and time-reflection invariance. 
The physical sense is also explainable with the film example. This time the film 
registers the observations of the state Y(a,t) just in its time sequence: we do not 
need the mirror, instead we run the film backwards. One calls the dynamics time- 
reversal invariant if the observations on the movie running backward could have 
happened the same way on the forward-running movie. It must not be possible to 
determine by watching the filmed events, whether the movie is running forwards 
or backwards. In other words: Both the observations on the forward-running and 
backward-running movies must be realizable in the state W(a, t). 

In our case of the Dirac theory the dynamics will be time-reversal invariant if, 
by performing the transformation 


tee ee (12.43) 


the form of the Dirac equation remains unchanged; the interpretation must not be 
changed, either (cf. Exercise 12.6). Then, the transformed wave function 


pi (w,t') = Ty, (x, t) = i (a, —t) (12.44) 


describes a Dirac particle which propagates backwards in time. This is physically 
possible if Y (a, t’) also satisfies the Dirac equation. Equation (12.44) is a special 
case of the general definition (3.27) and the time inversion (12.43) is a special 
improper Lorentz transformation. T is an operator which acts on the spinor com- 
ponents, but not on space and time coordinates, a fact that should also be made 
evident in connection with the general scheme (3.27). 

Let us now construct the time-inversion transformation explicitly. Therefore we 
rewrite the Dirac equation in Schrédinger form: 

Opn (2, t) 


aay Taal = A(x, t)n(x,t) 


2 lea (-inv = <A) 4+ Bmoc? + eAg(a,t)| un (aw,t) (12.45) 


where n characterizes the spinor’s quantum numbers. The time inversion of (12.45) 
is achieved by multiplying from the left by 7: 


Seen One ner ae 
TikT By nt) = TH (aw, tT Tala, t) (12.46) 
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ce 


The notation TikT~' includes the possibility that the 7 operator may also contain 
complex conjugation. Since the time inversion as a special Lorentz transformation 
causes 


= —f ; 


it follows, together with (12.44), that 
a (6) AA A 
—TiAT 57 Unt’) = TH (@,t)T~'p! (a, t') : (12.47) 


For wb! (x,t) = Ty,(a, t) the same Schrédinger-like Dirac equation should hold as 
for w,(x,t) in (12.45); hence 


ao) s 
ina Pn, 1M) = Ha,’ @,t') . (12.48) 


In case of time-inversion symmetry one obviously has to demand that A (a, t’) = 
H (a, —t) = A(a,t), and in this case an observer can, in principle, not distinguish 
between a forward and a backward running “movie”. 

Now the comparison of (12.47) with (12.48) yields a priori two possibilities of 
procedure: either we demand 


TiT-' =i and TA(a,t)T~' = A(ae,—t) = —A(z,t) (12.49) 
or 
Tif-' =-i and TA(a2,1)7- = A(a,t’) = A(x, -t) = A(z,t) . (12.50) 


The latter possibility is the only possible one, because the operator equation 
TA (x,t)T~! = A(a,t) can be included into the general scheme (3.27) of symme- 
try transformations. In addition, the condition (12.49) TA(a,t)T-' = —A(a,t) 
would alter the spectrum of 1 by the time inversion in the special case of time- 
independent Hamiltonians, which can physically not be accepted. We also notice 
this fact if we look at the explicit form of A (a, t): 


A(a,t)=ca- (-inv = < A(z, 1) + Bmoc? + eAg(a,t) . (12.51) 


The conditions (12.49) cannot be satisfied: The vector potential A(a,t) is created 
by electric currents 7(z,1), which change sign under the transformation t — —f; 
therefore it holds that 


TA(x,t)T~! = A(w,-t) = —A(a@,t) . (12.52) 


On the contrary the Coulomb potential is created by the electric charge density 
o(x,t), which remains unchanged under time inversion, and hence 


TAo(a,t)T~' = Ao(a, —t) = Ao(z,t) . (12.53) 
Furthermore we have 


TVT-'=V and fTaT'=c , (12.54) 
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because the application of 7 does not effect the space coordinates. Therefore we 
see that, for example, the choice (12.49) would yield 


due to the term & - A(x,t). On the other hand the sign change of the term @-i1V 
would imply 


A 


TaT—| =-& 


Obviously both conditions are contradictory and, as a consequence, only (12.50) 
remains as a valid choice: It can be satisfied consistently, because with TiT—! = —i 
it fillows that 


Phite i ha teqr |e |(7(-int') ivi <TA(@,1)T-"| 
moc2T BT Lae eTAo(a,t)T~! 
—2iar |-inv = = A(e, +1)| + moc?F BT-! + eAo(a, —t) 
= +A(a,t) (12.55) 
[due to (12.50), (12.52) and (12.53)], if 
far=—a, If, —42 | (12.56) 


holds. Because Tif’! = —i the operator 7 must contain the complex conjugation 
K, and therefore we set 


T=ToK , (12.57) 


where the matrix 7) must still be determined. If we insert (12.57) into (12.56), 
then 


No"! =—-& or Ty7*Ty! = -7! 
fool or %7T'=7 . (12.58) 


Since only the matrix @ is purely imaginary, all other matrices being real [see 
(2.13)], these conditions explicitly read 


fal, == , thew, )==a,ee 
pee eal a (12.59) 
TodoT' =) , 1o6ly = =6 
With the help of the commutation relations (2.8) it can be shown that 
To = -id143 , Ty! =id3d, (12.60) 


satisfies these conditions, the factor i guaranteeing the unitarity of 7. With y= 6 


and y' = = Bd; [see (3.8)] the complete time-inversion operator can then be written 
as 


A 


T = -14,03K =i7' YR =ToR . (12.61) 
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My 


In addition, we mention that the time-inverted Dirac equation (12.48) is form 
invariant, too. This was our intention. Indeed it was formulated in that way, and 
the comparison of (12.48) with (12.45) shows this immediately. 

Next we want to prove that the time inversion transformation 7 accords to 
the classical concept of time inversion. To that end we apply 7 to a free-particle 
solution (a plane Dirac wave) with positive energy. ve know how a plane wave 
with four-momentum p“ = {ep°, p} [p® is given by p® = +c(p2 +m Ge7) 2) and 
spin s“ = {s°,s} can be constructed (projected) from an arbitrary “alin wave 
Wo(x), with the help of the projection operators, namely [see (12.33)] 


Deps = (ee (+) Yolx,t) . (12.62) 


2moc 2 


For particle with positive energy one has to set € = 1, and the 7 operator can act 
on this equation. With Ty,(a,t) = ¥i (a, t') = Tow*(a, t) we get 


Py = 7 (ames) (Las) ort y.ce,0 
= fy (am) 951 (ABE) types) 
a) (et 1 at) eet) (12.63) 


(because ‘7s is real). In the last step, equation (12.58) was used and the four-vectors 
p’ ={p°,-p} and s’ = {s°,-s} (12.64) 


were introduced. These projectors yield a free solution with opposite direction of 
the spatial momentum p and the spin s, if applied to the time-inverted plane wave 
wi (ax,t’). This is the so-called Wigner time inversion. It was introduced for the 
first time by Eugene Wigner in 1932.° 

Now we want to see how the electron and the positron wave functions can 
easily be connected with the help of the time-inversion transformation. From our 
earlier considerations we know that the charge conjugate state ~,, which is obtained 
from the state ~ by 


db = Up = Cy y* = CYPRy = Cw (12.65) 


(C = iy’y°), describes a particle with the same mass mo and the same spin 
direction (polarization), but with opposite charge, opposite sign of energy and 
opposite momentum [see, for example, (12.38)]. If ~(w,t) describes an electron 
with momentum p and negative energy, then (x,t) describes a positron with 
momentum —p and positive energy, and both particles propagate forward in time. 

Now we combine the parity operation P [see (12.40)], the charge conjugation 
C [see (12.25)] and the time inversion T (12.61) and construct the wave function 


5 E.P. Wigner: Géttinger Nachrichten 31, 546 (1932). 
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vecr(x’) = PET Ya) = PCY (Tw@,t))" 
= PC? (iy PRev(a@, -1'))" = PCY (i 0", -1'))" 
iP Cy Ya, -t') = PI PY Y v@, -t’) 
el? Paral iuy(—ar’, —t') = ie iy yy? W(-2"’, -1') 
= ie? y5y(—x') (12.66) 


(here ys = iy°y!y273 was used.) If 7(a, t) is an electron wave function of negative 


energy, then Wpcr is a positron wave function of positive energy, and this is effected 
by the charge conjugation C. Therefore, we can also read (12.66) as Wpcr(x, t) 
being a positron wave function with positive energy moving forward in time and 
space (positive f, positive x). It is — up to a factor ie'’ys; — identical with an 
electron wave function of negative energy, moving backwards in time and space 
[negative ¢ and negative x in the argument of ~(—2, —f) on the rhs in (12.66)]. 
For a plane wave with definite spin s* and momentum p” one can deduce this 
result explicitly. The plane electron wave with negativee energy, momentum —p 
and spin —s is given by 


—f +moc\ (1-59 
Cre la ae 


and moves backwards in space and time. If we apply the PC7 transformation 
(12.66), we obtain 


II 


II 


pcr (ax, t) = ies (=) (=) W(x, -1) 
= (Gi (“) ielysu(ta, +t) . (12.67) 


This is evidently a positron wave function (because of the charge conjugation) with 
positive energy po, positive momentum p and positive spin s, moving forward in 
space and time. 
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12.6 Behaviour of the Current with Time Reversal and Charge Conjugation 


If the time inversion 7 is a given symmetry operation of the Dirac theory, then the 
rules for the interpretation of the wave function 


Wet )=Tpe@,t) , 1 ——t (1) 


must remain the same for ~/,(x, t’). This means that observables consisting of bilin- 
ear forms of 7q(a, t’) and wi" (a, t’) must be interpreted (i.e. physically explained) 
in the same way as those with ~o(x,t) and ~t(a,t). Naturally this is valid only 
up to the expected behaviour under time reversal of the special observable. The 
following examples will illustrate this. 


Problem. (a) Prove that the following relation is valid for the current: 


[oO =7'O) (2) 
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Note: The indices on the lhs are lower indices (covariant indices) and on the rhs Exercise 12.6. 
upper ones (contravariant indices). Similarly, show that 
ry = (r) , (py =—(p) . (3) 


(b) Show also the behaviour of these observables under charge conjugation C. 
Demonstrate especially that 


Dlx) YpPelx) = +0) wx) 


and interpret this result. 


Solution. (a) The operation of time reversal transforms a spinor 1)(t) into a spinor 


writ’) =Tow*(t) t' =-t (4) 
or 
wevy=vnn , (5) 


where the upper index “T” means transposition. In the usual representation of the 
matrices [see (12.60, 12.61)] one finds thai 


D=iy 7 - (6) 
Since 
apt = Pry? (7) 


is valid, it may easily be seen that 


ety yo ai y yg = yyy = ay Hah (8) 
where we have used the commutation relations of the y matrices and 
fy Tom iyy yy =-¥ yy HaVryy =1 , (9) 


i.e. To is unitary and Hermitian. From (6) it follows that 


Toy'To = -y' = -7""_, 

hyh=yY=-7* , 

Thy ehg i eee Bh 3% 

loy Jo=-Y =-Y ; 

1) ae on (10) 


because !, 73, y° are real and 7” is purely imaginary, and we can simply write 
these four equations as 


ft = 7, (11) 
Our task is to investigate for the current j/'(x’) the expression 

ire) = bred), (12) 
so we obtain from (4), (5) and (11): 
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Exercise 12.6. 


ir’) = (WO) ort’) 

= Wl ()yoToy" Tov" (t) 

= POP Uv) = Yalt) [1%] a9 Ya!) 

= Vit) [078] po Balt) = BO PHO) 

= Ported =VvoOryurrvo 

= Wty b(t) = jut) (13) 
[in the last but one transformation we used (7)]. The time argument alone was noted 
in W(x, t), ~(a’, t’), because the position vector (a = ar! ) remains unchanged under 
time inversion. The operators r and p commute with 79, because they do not carry 


spinor indices (they are proportional to the unit matrix). For the position operator 
it holds, in particular, that 


whe rvr(t’) = oT ()ToTory*(t) 
= rp (y*() = rv (Ov) 


= Vl Ory(t) (14) 
[w'(t)b*(t) is purely real], wherefrom (r)’ = (r) follows immediately by integra- 
tion. In the case of the momentum operator p = —1hV, we must explicitly write 


down the expectation value as an integral, in order to express clearly that p is 
Hermitian. Because of 7op7To = p, one gets 


(p)’ = i bh (we, t’\our (a, t') dx 
= / U" (w, )pw"(a, t) Bx 
= | (-invele) W(x) dix 


= / PIG) IRV Wa) Oe = th / vt GW) dF 


surface of volume V 
=~ [ vienpuana’x +0=-) (15) 


In the last but one line a partial integration has been performed, the surface term 
vanishing due to the general properties of wave functions at infinity. 
(b) For C = iy*7°, then, in analogy to (10) and (11): 

CHE = Yay , 

CYC =P ay , 

CHC Saat 

CC S27 aay | 

CEO =7 7. (16) 
which may be easily checked, so that 

w(x) = Cyr) , 

Wee) = VT@yyPCt , (17) 


Op ©) 


12.4 Time Reversal and PCT Symmetry 321 
a ee eet ee” Fe eee 


and, further, Exercise 12.6. 
Cr=-C . C?=21 . (18) 


Now we can write 
Dobe = yi ony the 
= PP Ch Pye yry* 
= PP CPPCC Cy" 
= PMY o = vy 
= Po (Wnt ee Cr =P oY YY 
=oyb=dr'y , (19) 


which shows everything that is required. In the penultimate line, care is needed 
since we have to interchange the order of ~* and 1. This is possible if one regards 
w as the wave function of an electron or positron; however, if 7) is regarded as a 
quantized field operator %, then an additional minus sign appears, due to the fact 
that and ap" are fermion operators, so that the charge conjugated current operator 
reads 


Bete = —idyd: , (20) 


where : ... : implies normal ordering.® We now have to interpret the result (19) in 
the hole picture. If ~ is the wave function of a state with positive energy, then y, 
is a state of negative energy which is already occupied in the vacuum, so that the 
corresponding current must not be counted, since the current density of the vacuum 
is defined to be zero. On the other hand, if we create a positron in that state, then 
this state will be empty and the current ~,7y“w, is missing, so that we have to 
ascribe the current density —y,y“y, to the positron, which has the opposite sign 
as the corresponding charge density of the electron. From that we can conclude 
that electrons and positrons have opposite charges. 


The correctness of the interpretation given at the end of Exercise 12.6 can be 
explicitly verified for the Dirac equation involving electromagnetic interaction. To 
do this we write the Dirac eigenvalue equation for states with negative energy in 
the presence of the electromagnetic four-potential A,, = (Ao, A) as 


E ; (-inv : -A) + moc? + eAo(x)] U(x) = —EW(x) (12.68) 


and operate with the PCT transformation (12.66). Since under space-time inversion 
[x/, = —Xp, see (12.52) and (12.40)] 


PTA, (x) (PT) = AL) = +A,@) (12.69) 


6 See W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, Berlin, Hei- 
delberg 1994). 
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is valid, then (12.68) transforms under PCT into 
PCT E : (-inv 2 < A(@, t) + Bmoc? + eAo(@, | (PCT) PCT Wa, 1) 
= -E(PCT)y(a,t) . (12.70) 
This results in 


decr(x') = bpcr(—x, —t) 
= Pee, t) 


PCT4, (PCT)! = PCTA,;T—'C-'P! 
= —PC6;C-'p-! 
—Pa;P~! 
=a; , (12.71) 
PCTV(PC!) '=—-Vaw , (12.72) 
PCTAPCT)|1=-26 , (12.73) 


and therefore (12.70) becomes 
led (-inv’ + < A'(x')) + Boe? — eAg(x’)| dcr (x') 
= Evpcr(x') , (12.74) 


with x! = —x. 

If (12.68) was the Dirac equation for particles with charge e, rest mass mo 
and negative energy (—E£) moving forward in space and time (a, ft), then (12.74) 
is the Dirac equation for particles with charge —e, rest mass mo and positive 
energy (+£) moving backwards in space and time [in the argument of wWpcr(x’), 
x' = —x = —{ct,—a}]. We can therefore interpret positrons as electrons of 
negative energy moving backwards in space and time. This important result serves 
as one of the fundamental concepts of positron theory,’ which was founded by 
Stiickelberg and Feynman. In quantum-electrodynamical perturbation theory (which 
is based on it) we shall extensively both make use of, and recognize the great 
advantages of, this formulation.® 


Remark. The form of the interaction between the electron—positron field and the 
electromagnetic field has been assumed to be 


juyA"(x) = — Pyar) . (12.75) 


This followed as the simplest interaction which is gauge invariant, and it is equiv- 
alent to the interaction between electrons and the electromagnetic field which we 
know from the nonrelativistic limiting case. This interaction is C, P and T in- 
variant (see Exercise 12.6). Whether or not these symmetries are realized depends 


7 E.CG. Stiickelberg: Helv. Phys. Acta 14.32L, 588 (1941); R.P. Feyman: Phys. Rev. 76, 
749 (1949); ibid. 769. 

® See W. Greiner, J. Reinhardt: Quantum Electrodynamics, 2nd ed. (Springer, Berlin, Hei- 
delberg 1994), 
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on the actual interaction. As we know, an additional interaction with the magnetic 
moment of the form 


WE pv P(x) FH” (x) (12.76) 


for spin-4 particles with anomalous magnetic moment (g factor # 2 as for example 
for protons and neutrons), is in general necessary. This additional interaction also 
shows all the symmetries mentioned above, as can be easily verified. Extending 
the Dirac theory to other spin-5 particles, for example jz mesons, and to other 
kinds of interaction (e.g. the weak interaction), the assumption that the C, P, and 
7 symmetries are also valid suggests itself. 

This is an assumption which has to be verified by experiment, i.e. success or 
failure of phenomena predicted by it. Lee and Yang showed’ that the symmetry 
of parity is no longer valid in the weak interaction; however, the much weaker 
assumption of Lorentz invariance and the connection between spin and statistics 
(spin-5 particles obey Fermi statistics, spin-O particles obey Bose statistics)! al- 
ways guarantees the invariance of the interaction under the product PCT. This is 
the famous PCT theorem, which was derived by R. Liiders.!! 


12.5 Biographical Notes 


WIGNER, Eugene Paul, Hungarian-American physicist, * 17.11.1902 in Budapest, pro- 
fessor at Princeton University and afterwards at Louisiana State University in Baton 
Rouge/Louisiana. He studied at the Universities of Berlin and received his Ph.D. in electrial 
engineering from the Technical University in Berlin in 1925. He made important contri- 
butions to theoretical physics, above all by introducing systematically group theoretical 
methods into physics. His book “Group Theory and its Application to the Quantum Me- 
chanics of the Atomic Spectra” became a classic. But also his contributions to the theory 
of nuclear forces, neutron absorption and quantum mechanics, and parity conservation are 
widely known. W. decisively participated in the development of the American atom bomb 
and the construction of the first nuclear reactor. In 1963 W. received the Nobel Prize in 
physics, together with Maria Goeppert-Mayer and J.H.D. Jensen. In 1958 he received the 
Enrico Fermi prize and in 1961 the Max Planck Medaille [BR]. 


° T.D. Lee, C.N. Yang: Phys. Rev. 105, 167 (1957). 
This is extensively discussed in W. Greiner, B. Miiller: Gauge Theory of Weak Interactions, 
2nd ed. (Springer, Berlin, Heidelberg 1996). 

10-This is discussed in W. Greiner, J. Reinhardt: Quantum Electrodynamics 2nd ed. (Springer, 
Berlin, Heidelberg 1994). 

''R. Liiders: Kgl. Dansk. Vid. Sels. Mat.-Fys. Medd 28, no. 5 (1954). 
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In the following, we want to concern ourselves with the scattering of an electron 
with energy E and momentum p = p, at an infinitely extended potential step 
(Fig. 13.1). First we shall study this problem from the point of view of the one- 
particle interpretation of the Dirac equation and then, in Example 13.1, we shall 
look at the same problem using the framework of hole theory, understanding better 
the resulting situation, which looks paradoxical at ae sight.! 

For the free electron we have (E/c)* = p? + m2c?, whereas in the presence of 
the constant potential, 


Be Vie 
(=) = BP’ + mic? (13.1) 


is valid, where p denotes the momentum of the electron inside the potential. The 
Dirac equation and its adjoint then read 


eV. x =. 3 
{ — 4 an 5 —s) ; (13.2a) 
wp ee ene Hin, ab 5 =U (13.2b) 
16) Oxy . e 


We now assume that 


€vV=Vo for z.>0 , 
CVO) 8 tor 7 < 0, 


and that the incoming wave is given by 


a, = u, exp {ive - Ep} P (13.3) 


so that, inserting (13.3) into (13.2a) and using & = 43 it follows that 


{= ap Bac} =o (13.4) 
Cc 


| ©. Klein: Z. Phys. 53, 157 (1929). 


Fig. 13.1. An electron wave 
propagates along the z axis 
and hits a potential step of 
strength Vo 
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Since we require uj # 0, then because of &B + Ba = 0 we conclude that 


E2 
Eo = ptt mec? , (13.5) 


and, moreover, due to our interest in the incoming electrons we choose E > 0. 
The momentum of the reflected wave must be —p, whereas the momentum p of 
the transmitted wave is given by (13.1). For small Vo, p is positive, so that in the 
first instance we can set 


i = i ext {5l-ve — En} , Y= uexp {5 _ En} (13.6) 
and therefore, due to (13.2a), 

(Z + Gp — Bee } u,=O and — — ap — Bac} dy = aloe, 
The total wave function must be continuous at the boundary, 1.e. for z = 0 


Uj + uy = Uy (13.8) 
must be valid. From (13.4) and (13.8) therefore follows 


a 
(= Bm (uy + ue) = +Ap(uj— ue), (13.9) 
and with (13.7) and (13.8) we get 
Eo Vi 
(= = Bmec (uj + Uy) = (~ + ap) (4; iy). (13.10) 
Thus we have 
Vie P 
{2 ag ap) (uj + Ur) = +&p(uj — ur) (13.11) 
or 
Vi . - Vi " - 
{2 +60 +P)}u=-{2 -ap—p)hu (13.12) 


We multiply both sides by Vo/c — &(p + p), which, because of 4? = 1 and with 
(13.1) and (13.5), leads to 


ae O02 13.13 
r Vi /c? an (p +p) | 1 . ( : ) 
Analogously we find for the adjoint amplitude 


uf=ru! , ; (13.14) 


2 2 
ulu= ( 3 ae = ) us (-z + 4p) ui, (13.15) 
Voje* = (pai 


so that using the identity 
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i Ge 


A P 
cu; Quy = ts oi (13.16) 


(which can be easily derived from the equations of motion for u;| and u;) it follows 
from (13.15) that 


2Vo/c z Ee 2E, 
ia 0 aN at 1D te 
wu = ee SS apie th; — —u:' Qu: 
a (we oe te )s is c al uf} 


2V, . 
— hs, | uu — Rut u: (13 17) 
ie) aa 


Thus the quantity R is the fraction of electrons which are reflected: For Vo = 0, 
R = 0, whereas for Vy) = E — moc? [i.e. p = 0, from (13.1)], R = 1, and 
all electrons are reflected. If Vo increases still further (Vo > E — moc?), then D 
becomes imaginary. Then we set 


E | 
Yr = Ut exp | —ue = igt} ; (13.18) 


where jz is now a real quantity. j1 must be greater than zero, since otherwise the 
density on the rhs of the barrier would be infinitely large for z —> oo. On the other 
hand, because of (13.6), p = +ihyp, i.e. for (13.13) we get 


__ QVo/eE/c — ap) + _QVo/eyXE/e — ap) 


i V2/c2—(p + ihiuy? » A= V2 /c* = (p -_ ih)? i ) (13549) 


and therefore 


__ SS ee 
[ose +p? + 2h] [(Vo/e — pr + ee] (13.20) 


Using (13.1) and (13.5) we conclude that 


ut uy = 


_9 2 Vo(2E — Vo) 


a ee (13.21) 


C2 : 


i.e. since p? = —p7h’, 


2 
(= «p) + wi? = 22 (= «p) (13.22) 


and therefore Uy! Uy = ui; Uj. 


This means that the reflected current is equal to the incoming one. Behind 
the boundary there is an exponentially decreasing solution for the wave. Due to 
(13.20) the condition for that case is p? < Vo(2E — Vo)/c?, and for increasing 
Vo this condition is fulfilled as soon as Vo exceeds the value E — c(E*/c? — 
p2)'/? = E — moc?. If Vo increases further, then, due to (13.21), yu first increases, 
reaches its maximal value for E = Vo and then again decreases, becoming zero 
for Vo = E + moc’. For still greater values Vo > E + moc’, p again assumes real 
values, so that (13.13) and (13.17) are again solutions of the problem. However, 
in this region the kinetic energy E — Vo is negative, so that this is a classically 
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forbidden situation. The group velocity, which due to (13.16) and (13.1) is given 
by 


2 
a (13.23) 


Ue = a ’ 

therefore has the opposite direction as the momentum p in this region if we choose 
Pp > 0. Since the group velocity is the velocity of the moving wave packet, it 
looks as if the transmitted wave packet came in from z = +00; on the other hand 
this contradicts the condition which only allows an incoming wave packet from 
z = —oo. We thus have to choose p < 0 [i.e. the negative sign of the root in 
(13.1)]. However, this condition is not included in the Dirac equation, but is forced 
upon us by the physical boundary conditions.” In the discussion given by Bjorken 
and Drell? this has not been taken into account, the reflection coefficient reading 


(Ve 7)- 
a (13.24) 
= 2 
ee mee i (13.25) 


~ p E —Vo+moc2 


For Vo > E + moc? the fraction indeed becomes negative, but r always remains 
greater than zero, because we have to choose p < 0 due to the boundary conditions. 
Hence for the reflection coefficient we always have R < 1 and not, as given by 
Bjorken and Drell, R > 1. 

We thus have seen that for Vo > E + moc? a fraction of the electrons can 
traverse the potential barrier by transforming the original positive value of the 
kinetic energy to a negative one. The group velocity of the tunneling electrons is, 
due to (13.1), given by 


a moc? 2 
[P| =c4f1— ( ) (13.26) 
ia 


which for Vo = E + moc? is just zero and for Vo — 00 approaches the velocity of 
light. When Vo = E + moc’, the reflection coefficient from (13.17) is just R = 1 
(total reflection); it decreases for increasing Vo down to the value 


(Eye =p) 
(E/c + p) 


for Vo — oo. The corresponding fraction of electrons travelling through the bound- 
ary surface is thus 


Q@ = Rin = Pe R(Vo) = (13.27) 


ee 


= inion ; | (13.28) 


where 3 is called the transmission coefficient and a + 3 = 1! For p = moc (ice. 
electrons with a velocity 80% that of light) we get with (13.5): 6 = 2/(2!/2 + 


2 -H.G. Dosch, J.H.D. Jensen, V.L. Mueller: Phys. Norv. 5, 151 (1971). 
3.D. Bjorken, S.D. Drell: Relativistic Quantum Mechanics, ed. by L. Schiff, International 
Series in Pure and Applied Physics (McGraw-Hill, New York 1964), 
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1) ~ 0.83, i.e. 83% of the incoming electrons penetrate the potential barrier. 
This large transmission coefficient also remains for Vp not approaching infinity but 
only several rest masses. Calculations by F. Sauter* using a smoothened potential 
edge have shown that this large transmission coefficient, which is classically not 
understandable at all, does not occur if the width of the increase from V = 0 to 
V = Vo is of the order of the Compton wavelength, i.e. 

as fle : (13.29) 

Moc 

This unexpected largeness of the transmission coefficient is known as Klein’s para- 
dox, and its interpretation given here is completely that of a single particle. In the 
framework of this representation it is not necessary at all to consider pair produc- 
tion (as has already been done by Bjorken and Drell at this level), though we shall 
see In connection with the hole theory that the boundary conditions change (no 
wave coming in from z = +00), that is we do not have to demand p < 0 any 
longer (see the following Example 13.1). 


POAT) Se a 


13.1 Klein’s Paradox and the Hole Theory 


The hole theory becomes important if one wants to describe the behaviour of a 
particle wave striking a potential barrier with Vo > moc? + E. 
The Dirac equation for a plane wave moving in the z direction with spin up is: 


(a) for region I (see the following figure) 


(ca3p, + Bmoc*?)p=Ep ; (1) 
(b) for region II 
(csp, + Bmoc”)p=(E-Vo)v , (2) 


with solutions 


4 F. Sauter: Z. Physik 73, 547 (1931). 


Electron wave and potential 
barrier 
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Example 13.1. : 
v1 SK pic eipiz/h 
E + moc? 
0 
pic =1/E2—méec* , (3) 
1 
0 
vn = B — pic elP2/h 
Vo —E-— moc 
0 
poc =1{/(Vo- EY —mect . (4) 


Decisive for the explanation is the fact that for Vo > E + moc” the momentum P2 
becomes real again, allowing for free plane waves to propagate in region II. This can 
only be understood by the existence of a second energy continuum corresponding 
to the solutions of the Dirac equation with negative energy (see below). From 
the impacting wave (3) one part is reflected (maintaining energy and momentum 


conservation): 
l 
O 6 
iC wars bee: (5) 
E + moc? 
0 


and the other part propagates further (4). We must require at z = O that the wave 
functions be equal inside and outside the potential (this does not mean continuity!): 


We =0)+ YG =0)=yn@ =0) . (6) 
From this the equations determining the various coefficients follow: 
A+C=B and (7) 
2 
A-C=—p” E + moc 


Pi Vo — E — moc? 
Vo — E +moc?) (E + moc? 
— Spy] Was Estomac?) (E temas) aust li, oe ; (8) 
(Vo — E — moc?) (E — moc?) 
Thus we have 
(7)+ (8) > A= 41-7) > Cli - 
)-@) = O=40+{ 7 4 ©) 


and 


i 
a eee (10) 
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With the expression for the particle current 


J(x) = cp!" (@)Ov(x) (11) 
and 
Ta * pic a 
fey eee ae ipz/h 
VY 1 ( eae? i)e ’ (12) 
Ta * : pic : =F 
| Og, oi er) 
yy Ge ( ye 0, iJe ‘ (13) 
ta * pic =F 
(Oe A a ipiz/h 
VY 3 (Pe 5.0, 1,0) ; (14) 
it follows that 
2 2pic* 
— AA 
Ki 2: Cae >) 
Correspondingly 
5 Opie: 
1 = —-CC*——"_- 
I Foye (16) 
. * 2p2c? 
= —BB* —__——-e, ,, 
Thus the ratios of the currents [7 in (9) is real] are 
lai __ A+ 
[Jil G7) 
Ju! 4 ay 
To = Se eee = Se 18 
al a-w! N-Gae a. 
It can be seen from (8) and y > 1, leading to 
jl > lal (19) 


This result corresponds to the fact that the flow of 7, is in the (—z) direction, i.e. 
electrons leave region II, but according to our assumptions up to now, there are no 
electrons in there anyway. A reinterpretation is thus necessary, and in doing this 
the solutions of negative energy formally derived previously are treated seriously; 
thus there exist two electron continua: 

To prevent the transition of all electrons to states of negative energy one has 
to require that all electron states with E < —mpoc* are occupied with electrons 
(see Chap. 12). This hypothesis permits the following explanation: The potential 
Vo > moc? + E raises the electron energy in region II sufficiently for there to be 
an overlap between the negative continuum for z > 0 and the positive continuum 
for z < 0. In the case of Vo > moc? +E the electrons striking the potential barrier 
from the left are able to knock additional electrons out of the vacuum on the right, 
leading to positron current flowing from left to right in the potential region. 

From this notion it is understandable that there occur free plane wave solutions 
in region II given by (4) (see following figure), called positron waves. Furthermore, 
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Energy levels of the free 
Dirac equation 


Energy continua of the Dirac 
equation at a potential barrier 


according to the hole theory, the negative continuum states are occupied, so that it 
is now possible to understand the sign of j,, in (17) by assuming that the electrons 
entering region I are coming from the negative continuum: Correspondingly the 
relation 


P : : ‘ale a : 
K+ = (1- eae =I (20) 
holds. Since the holes remaining in region II are interpreted as positrons, it is 
possible to describe this effect in an alternative manner: The phenomena described 
above can be understood as electron—positron pair creation at the potential barrier 
(as shown in the figure below) and is related to the decay of the vacuum in the 
presence of supercritical fields.° 


> This is discussed by J. Reinhardt, W. Greiner: Rep. Prog. Phys. 40, 219 (1977); and is 
covered in more detail in W. Greiner, W. Miiller, J. Rafelski: Quantum Electrodynamics 
of Strong Fields (Springer, Berlin, Heidelberg 1985). 


14. The Weyl Equation — The Neutrino 


In 1930 W. Pauli postulated the existence of the neutrino in order to guarantee the 
energy and momentum conservation for the weak interaction, which at that time 
seemed to be violated in the G-decay experiments. Since the energy of the neutrino 
could not be determined even in the most sensitive measurements of the @ decay 
of nuclei, the interaction of this postulated particle with matter must be extremely 
small. For example, it must not have electric charge, and accordingly, mass and 
magnetic moment must be assumed to be nearly vanishing, or even zero. The 
particle was named “neutrino” and abbreviated by “v”’. Because of the relativistic 
mass-energy relation, a particle with rest mass m, = 0 moves with the velocity of 
light. The experimental upper bound for the rest mass of the electronic neutrino is 
about a few electron volts and thus less than a thousandth of the electron’s rest mass. 
Therefore the assumption m, = O seems to be reasonable. Further experimental 
‘Observations of the angular momentum balance during @ decay showed that the 
neutrino has spin s Consequently the Dirac equation for mo = O should be the 
fundamental equation of motion for the neutrino. 

Neutrinos and photons can be regarded as equal as far as charge, magnetic 
moment, mass and velocity are concerned, the main difference between the particles 
being, respectively, the half-integer and integer half-integer spin. There is also a 
difference between the neutrino v that occurs in 3* decays and the antineutrino 7 
that is emitted during the G~ decay. Historically the existence of the neutrino can 
be experimentally proved as an outcome of the @ decay (G~ decay) through the 
recoil of the atomic nucleus in the reaction 


m— pte. 


Further, the inverse @ decay (G* decay) can be initiated by the neutrino and 
observed in experiments: 


ptyon+e" 


Another empirical property which has been found by accurate studies of the in- 
verse 3 decays is that the antineutrino always has the same distinct spin orientation 
compared to its momentum direction. Assuming in the calculations that the spin of 
the antineutrino can be oriented parallel as well as antiparallel to its momentum 
results in theoretical cross-sections half as large as the experimental values. Precise 
experimental analyses have shown that the spin of the neutrino is antiparallel and 
the spin of the antineutrino is parallel to its momentum direction (see Fig. 14.1). 
This is the basic phenomenon of parity violation: If parity was conserved, neutri- 
nos as well as antineutrinos must exist in nature with both spin directions. Finally, 


Fig. 14.1. The spin of the 
neutrino is always directed 
antiparallel to its direction of 
motion; the opposite is true 
for the antineutrino 
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in this short introduction we mention that there are different kinds of neutrinos, 
which can be related to electrons, muons and tauons by their specific behaviour in 
weak-interaction processes.! 

In 1929 Hermann Wey! proposed a two-component equation to describe mass- 
less spin-} particles,” but the Weyl equation violates parity invariance and therefore 
it was at first rejected. Then, after parity violation of the weak interaction was ex- 
perimentally proved in 1957, Landau, Salam as well as Lee and Yang took this 
proposal’ and regarded the Weyl equation as the basic equation of motion of the 
neutrino. 

We first consider the Dirac equation of a particle with mass mo = 0: 


ih— =c&- p(x) , (14.1) 


and this equation no longer contains the @ matrix. The anticommutation relations 
for the three matrices G,, G2 and G3, 


{G;, dj} = 26; , (14.2) 


can be satisfied by the 2 x 2 Pauli matrices 6;. Merely the necessity of constructing 
B as the fourth anticommuting matrix requires the introduction of 4 x 4 matrices, 
and the necessity of describing particles with spin-5 by two spinors is obviously 
connected with the particles’ masses. Therefore this reason disappears if the mass 
is zero: The wave equation of such a particle can be set up with only one spinor. 

The wave equation for the two-component amplitude W(x) describing the 
neutrino reads 


f aree) 
ih ry 


or, after dividing by ih, 


= c& -p®(x) (14.3) 


Bd) 
Ot 


==co+VOUNr) , (14.4) 


where 6; are the 2 x 2 Pauli matrices. The plane-wave solutions of the Weyl 
equation are given by 


i : 
P(x) = —— oP 2/ fy) 14.5 
J 2E(2r)3 ®) (14.5) 
with 
E 
p= (po.P}={ =P} ok = {Xo Cy end 
P-xX=pox—p-z . (14.6) 


' The theory of weak interaction is extensively discussed in W. Greiner, B. Miiller: Gauge 
Theory of Weak Interactions 2nd ed. (Springer, Berlin, Heidelberg 1996). 

2H. Weyl: Z. Physik 56, 330 (1929). 

3 L. Landau: Nucl. Phys. 3, 127 (1957); T.D. Lee, C.N. Yang: Phys. Rev. 105 1671 (1957); 
A. Salam: Nuovo Cimento 5, 299 (1957). 
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Following the plane-wave solutions for electrons, the neutrino wave functions are 
normalized in such a way that the norm remains invariant under Lorentz trans- 
formation (see Chap. 6). u+)(p) is a two-component spinor which satisfies the 
equation 
+ ee 
pou = 6 - pu (14.7) 


This relation is of special interest, since we note that due to (14.7) the solution for 
a given sign of energy po corresponds to a certain orientation of the spin o with 
respect to the direction of motion p. By applying the helicity operator 6 - p/|p| to 
both sides of the equation and using the relation 


(6-A\(6-B)=A-B+ié-(AxB) , 


we get (6 - p)’, and therefore 


(pg —p’)u =0 (14.8) 
so that only non-vanishing solutions for u exist if 
Po = +|p| (14.9) 


is valid. This is naturally the relativistic energy of massless particles, and here it 
again follows that neutrinos move with the velocity of light. But, of course, this 
result was already implied in our initial demand that the massless particle has non- 
zero energy. In the common representation of the Pauli matrices, with the z axis 
in the p direction, the solution of (14.7) reads 


] 
(+) 
saw) 


This solution describes right-handed massless particles with spin in the direction 
of motion. By this we mean 


o-p ie eros 1 Es ] 
pl *(}) AG 7 


or, literally: The helicity operator has a positive eigenvalue, the spin is directed 
parallel to p, which corresponds to a right-handed screw if we look in the direction 
of motion (i.e. in the direction of p/|p|), and which is illustrated in Fig. 14.2. 

For states with positive energy (p99 = +|p|) the wave equation (14.3) only 
has waves of positive helicity as solutions. With (14.7) and the aid of (14.9) we 
see immediately that we have the reverse result for states with negative energy 
(po = —|p|); there, the wave equation (14.3) only contains waves of negative 
helicity as solutions. This remains valid even in the hole theory, where a wave 
function with negative energy, negative momentum, and negative spin direction is 
interpreted as an antiparticle with positive energy, positive momentum, and positive 
spin direction. This assignment of --pp + particles, antiparticles to the helicity is 
contrary to the requirement of the experiments dealing with weak interactions (see 
Fig. 14.1). 

To describe left-handed massless particles, we must obviously start with the 
equation 


(14.10) 


(14.11) 


o 
= Pp 

Fig. 14.2. The spin of the 
massless particle described 
by the wave equations (14.3) 
or (14.7) points in the di- 
rection of p, corresponding 
to a right-handed screw. By 
convention the helicity of the 
patticle-a > p/|pie—are), 
A neutrino cannot be such a 
particle, because it is known 
from experiments that the 
neutrino has helicity —1 
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poe 
ot 
Replacing &@ by —& also yields a realization of the commutation relation (14.2), 
so that (14.12) is then a possible Dirac equation for massless spin-5 particles, in 
the same way as (14.3). With the ansatz 


= cb POX). (14.12) 


1 : 
BO (0) = a YO GD) (14.13) 
2E(2r)3 
we find 
pou = —6-pu”_—,_ with (14.14) 
uo = (1) ; (14.15) 


In (14.14), po = E/c can again be either positive or negative. We call solution 
(14.13) a neutrino state, because, as already mentioned repeatedly, the experiments 
show that neutrinos appear only as left-handed particles (with negative helicity). 
In this state the spin is antiparallel to p and can be representend by a left-handed 
screw (see Fig. 14.1). For the antineutrino state (v9 < 0) we have the opposite 
case, the particle is right-handed. Results achieved in (-decay experiments show 
that the neutrino always moves antiparallel to its spin direction. This means that the 
helicity or longitudinal polarization of a neutrino with positive energy is negative, 
while the helicity of a neutrino with negative energy is positive. The solution with 
Po = —|p}| yields a spin parallel to p and can be represented by a right-handed 
screw. 

On the other hand the helicity of a particle with positive energy, described by 
(14.4), is also positive. Therefore, this particle of (14.4) may be identified with the 
antineutrino of (14.12), As already mentioned, according to the interpretation of 
the negative energy states within the hole theory, the antineutrino has a moinentum 
which is opposite to the empty negative energy state, and also the spin flips. 
Therefore, the relation between spin direction and momentum of the antineutrino is 
represented by a right-handed screw according to (14.14). The massless antiparticle 
which belongs to (14.3) or (14.7), respectively, has negative helicity; it obviously 
behaves exactly like the neutrino described by (14.14). Nevertheless, it should be 
mentioned that stating that the neutrino (antineutrino) is always left handed (right 
handed), only makes sense if the rest-mass is exactly zero. Otherwise a Lorentz 
transformation, which transforms a left-handed particle into a right-handed one, 
can always be found. 

To derive the neutrino current we rewrite (14.12) as 

(-) 

1 Of -6- V8 =0 | (14.16) 
Combining the unit matrix and @ to form a four-vector 6, = {1,+&}, we can 
write the Weyl equation in a more compact way: 


Gi Oe —O00e (14.17) 
and the Hermitian conjugate equation reads 


V4 (GO) 6, =0 | (14.18) 
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i ee i 


We multiply the first equation from the left by (6), the latter one from the 
right by ®~ and then add both equations. As usual this yields 


VE (6)! 6,0 =0 , (14.19) 
which is a continuity equation with the four-current 

jn = (@O)' 6,99 (14.20) 
Its space and time components are 

j=-(@)'6o0 , (14.21) 


= (6)! r\o an (14.22) 


The normalization constant of the neutrino wave function can be derived from the 
integral with positive definite density 0, if we require that 


i odx=1 . (14.23) 


By considering various types of interactions, neutrinos can appear together with 
other spin-5 particles which have a finite mass and therefore are described by 
four-component wave functions. To have a unified description in such cases, it is 
appropriate to also introduce a bispinor wave function for the neutrino. To provide 
the connection between the two-component solutions of the Wey! equation with the 
already known four-component electron spinors, we go back to the Dirac equation 
for a particle with rest mass mp. However we choose a different representation of 
the Dirac matrices @ and B, namely 


ee ofa!) 
a= ( ‘ a) (14.24) 
0. =i 
a= i. ; ) (14.25) 


One proves immediately the anticommutator relations of the Dirac matrices: 


ee Oc, MO) (a 0 \ fe, 0 
See age 6; 0 =of)\ 0 =e 


= 66; + 66; @) a> 
=I 0 ie 2oy (14.26) 
a A An — Qj 0 0 =| 0 | 6; 0 
ie See ae) (eS 
0 54 0 G6; 
- -_ = 14.27 
é 0 ) a o i) 0 ( ) 


This representation has the disadvantage that the four components of the bispinor do 
not split up into small and large components in the non-relativistic limit. However, 
as neutrinos have at least approximately zero mass and are therefore relativistic 
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particles, this disadvantage is in practice insignificant. In this representation, with 
the help of the two-component notation 


pr) 
o- ey (14.28) 
the Dirac equation can be split up into 
(+) 
iho = —ihc& - VEO — moc? S- 
=cé-pP) —mc*S™ , . (14.29) 
(=) 
Oe moc? PO? 
Ot 


= —c6- pS — mc’? (14.30) 


Note that the upper and the lower components of Y are coupled by the mass term. 
In the limiting case mg — 0 two decoupled two-component equations are obtained, 
corresponding to the respective Weyl equations. Then &*? describes right-handed 
and @) left-handed massless particles. Because of the fact that in nature neutrinos 
or antineutrinos appear only with a definite helicity, we must require that in the 
four-component description two of the components vanish. This is achieved by 
applying the projection operators 


Py 5( 045) . (14.31) 


to the spinor W of (14.28). In the representation used here (14.24) and (14.25) ys 
is diagonal, and with > = iy°y!y*7? = 7s it follows that 


1 0 
S es € es . (14.32) 
Thus we get 
& 1 0 
pee lc ( co (14.33) 
1 oe) 
v= 14 ygw = ( ‘ ) | (14.34) 
Also, by application of y2 = 1, one evidently gets 
VO = WO) (14.35) 
yO —ywy (14.36) 


Equations (14.33) and (14.34) are in agreement with the Dirac equation only in 
the case that the particle mass is exactly zero, i.e. only then are YW) and WO) 
solutions of the Dirac equation. Indeed y° anticommutes with all 1 matrices and it 
obviously commutes with the mass term. Hence, for vanishing rest mass mo, W‘+) 
and W‘~ are eigenfunctions of the Hamiltonian, the helicity operator and of 7s. 
The two-component Wey] theory is thus equivalent to a four-component Dirac 
representation. However, in the framework of the Weyl equation, the distinction 
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between particles and antiparticles is superfluous. The two possible states of the 
neutrino are only characterized by parallel and antiparallel orientation of the spin 
with respect to its momentum. 

Now, we want to analyse the non-invariance of the two-component theory 
under parity transformations. Let us have a look at the two-component equations 
(14.3) and (14.7). By performing a space inversion (p > —p, x > —2, 6 — G) 
a state with the energy po = |p|, momentum p and helicity & - p/|p| = 1 will 
be transformed into a state with po = |p|, momentum —p and helicity —1, Such 
a state, though, does not exist in this two-component theory of massless spin-5 
particles. 

There is another way to recognize the non-invariance of a two-component 
theory for space inversion. p is a polar vector, & is an axial vector and thus & - p 
is a pseudoscalar under inversion. This is also obvious from (14.35) and (14.36) 
which give rise to 


Why —~+pHy* . (14.37) 


The left-hand side is a pseudoscalar density while the right-hand side is a scalar 
density. Thus helicity eigenstates are no parity eigenstates. The wave equations 
(14.29) and (14.30), which contain the mass mo, are symmetric with respect to 
reflection. In the description of a particle by only one spinor this symmetry gets 
lost. This symmetry, though, is not essential, because the reflection symmetry need 
not be a universal property of nature. Reflection symmetry only exists if the particle 
is replaced by the antiparticle simultaneously. Equations (14.29) and (14.30) are 
in fact invariant under 2 — —a and W+) — W). The situation might be further 
clarified by observing that the mass term in the Dirac equation mixes the two 
helicity states while the kinetic terms conserve it 


ea 


© (9 — ef — moc) —— 9 
Shi js ah 1F Ky ye 1 mo y+) 
1+ q ; 
2 ( 57) at oF — eaw™ — oy | yomocew 
a Ge eAyy + — PPimoc2w) (14.38) 


Left- and right-handed fermions are thus strongly coupled if they have non- 


vanishing mass. 
Finally we consider the angular-momentum representation of the Weyl equation. 


With 

GH) = gt) ikt/h (14.39) 
then from (14.4) we get 

ha -Vd = ipod . (14.40) 


The operators J? and J, commute with & - V, while L does not. Accordingly, the 
angular momentum representation of the neutrino and antineutrino wave function, 
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respectively, contain spherical spinors x+.,,. AS we have already learned from the 
discussion of electron wave function including the coupling to external fields (see 
Chap. 9), the spin-orbit operator & - L also does not commute with & - V. The same 
holds for the parity operator multiplied by any arbitrary 2 x 2 matrix. Furthermore, 
there exists no 2 x 2 matrix which anticommutes with @. As a consequence of 
these commutation properties the solutions will not have a definite parity and thus 
they will become a linear combination of both spherical spinors y+,,,. We try the 
ansatz (see also Exercise 14.3) 


eG) Nica tan ens (14.41) 


and then proceed to make use of the following relations, which have been derived 
in the context of the two-centre Dirac equation [see (10.2)ff., (10.37), (10.54)ff.]: 


, Me Ss 1: 

C- N=, & = br? i) ' (14.42) 
6 LyXny = —Me+ DXeu 5 (14.43) 
OrXnp = —X=-«p + (14.44) 


This finally leads to the differential equations for the radial functions g(r) and f(r): 


= ef-s , 3 (14.45) 
Gf ka) ae 
= fl ee (14.46) 


These are the same differential equations as those we derived previously for the 
case of electrons in the presence of a constant, spherical-symmetric potential Vo, 
assuming that we set mp = 0 and Vo = 0. The solutions which are regular at r = 0 
can be directly taken from Exercise 9.5, yielding the results: 


r 
ory =i (Fe) (14.47) 
ee pr) 
j=) (14.48) 
Note that the wave functions with k = || and « = —|k| are not linearly indepen- 


dent. Instead, one has 
oe = ip, : (14.49) 


As a consequence of the unique helicity of the massless, two-component particle 
there exist only half as many states in a four-component description. If we start 
with (14.11) for left-handed neutrinos, the angular momentum representation would 
read (see Exercise 14.3): 


= = GF)Xep = if (r)X 2a : (14.50) 
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14.1 Dirac Equation for Neutrinos 


Problem. Solve the Dirac equation for neutrinos and determine the eigenvalues of 
the helicity operator and those of ys for both energy solutions. Make use of the 
standard representation of the Dirac matrices 


xen (M0 . (0 6 
en el. 0) 


Solution. Consider the Dirac equation for massless particles: 


ince = -ihc&- VU(x) =AV(x) . (1) 
By means of the usual ansatz for the time evolution 

ee ail (2) 
we obtain 

Ew =-ihc&-Vy . (3) 


The solution of this equation can be represented in terms of plane waves. Accord- 
ingly, the ansatz 


b = eP*/hyp) (4) 
yields 

Eu(p)=c&+pu(p) , (5) 
where 

ee |e (6) 


Using the standard representation of the Dirac matrices, one has ° = 7°y'¥773, 


~=(4 5) : ) 


and obviously 


holds. Thus, the Hamiltonian in (1) can also be written as 
H=cé-pH=cysd-p . (9) 


The eigenfunctions of the Hamiltionian Al are simultaneously eigenfunctions of 
the helicity operator 3’ - p/|p| and +5. The solutions of the eigenvalue equation 
can be directly taken from the plane-wave solutions of the free Dirac equation (see 
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Exercise 14.1. 


Chap. 2). We set mo = 0 and obtain four linearly independent solutions for the 
spinor u. Hereby the z axis is chosen as the direction of the momentum p. For u 
it follows that 


helicity: 
al =| srl =| 
1 0 1 0 
0 1 0 1 ) 
1 0 —1 0 
0 —1 0 1 
positive energy negative energy 


whereby normalization factors have been suppressed. The eigenvalues of 75 are 
found to be 


E Helicity Eigenvalue of +s 


ee tl +1 
oe el =] 
a =| 
=| +1 


Obviously ys and the helicity operator have equal eigenvalues in the case of positive 
energy solutions. Opposite signs result for solutions with negative energy, and the 
eigenvalues of 5 are just the negative of the helicity eigenvalues. 
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14.2 CP as a Symmetry for the Dirac Neutrino 


Problem. Show that the product of charge conjugation and parity transformation 
represents a symmetry transformation of the Dirac neutrino. 


Solution. In the standard representation of the Dirac matrices y¢' the charge- 
conjugated spinor is found via 


Pela) =Cyp* . (1) 
Hereby the charge-conjugation operator C satisfies the condition 
A Pes —l 
(Oxia) = 7 (2) 


together with 
Cai ——C 6 0 (3) 


By means of a unitary transformation U, which transforms the standard represen- 
tation of the y matrices into the one we have used for describing the neutrinos [see 
(14.24) and (14.25)], the corresponding representation of the charge-conjugation 
operator can be found. The unitary operator U reads 


14. The Weyl Equation — The Neutrino 


0 =— (14+ 72%) . (4) 


1 0\/o 1 0 1 
8 = (4 Bre a : : (5) 


A } 1 12 
o=-=( 5 i) | 6) 


peor \ 2 | 0.) Oa 
a sled ee ; (7) 


1-1 Oeil 
-1 Sit Meo . ©) 


Now we transform the charge-conjugation operator C into the new representation: 


Ce (9) 
Accordingly, from 

es pe, | 0a tl O)\ .f 0 -& 

Cs =Tists =1 is 0 oO: == 1 = 05 0 (10) 
we derive 


@uif 1 1\( 0 ~-é.\(4 -1 

~ A E aa e) e 

i in eeea 6). (6, 0 

a(t a}(—2 2 )=H(0" a) - ap 


Performing a parity transformation of the Dirac spinors we obtain 


I! 


pp(x') =e? ygyp(—a,t) . (12) 


In the following considerations the phase factor e'” does not play any role and 
will be omitted. Combining charge conjugation and parity transformation it clearly 
follows that 


wep(x,t) = Croy8v*(—az, t) = Cy*(-2,1) 


= 2 )vCan . (13) 


Finally we check whether the spinor cp fulfills the Dirac equation. For this pur- 
pose we use the relation 
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a —64 0 = 6; 0 —62 0 
OC’ SOG oe Oso; b> 
0 


= age BOs 14 
= & »,) (14) 


With x2’ = —a we derive 


Ot 

PEO yee .{-6, O ‘ 
= (ing, +inaV,)i( 0 2) eee 
els One 0) Gre ae oe 
=i 0 s (ing ihd& v,) tb 


a ts —62 0 . ao . nk * , 
= 0 6 ) (ing ina vi.) v"@' 


agen =O7, 0 : oO Te w 1 / : 
= -i( 0 a (ing + ina v:) va] 


=Q0 . (15) 


(ing sr ihd - v;) Vcr (@, t) 


In (15) the factor in brackets vanishes; thus the combination of charge conjugation 
and parity transformation is indeed a symmetry transformation. 


ll Cl =_———_—_—_—— iT a 
14.3 Solutions of the Wey! Equation with Good Angular Momentum 


Problem. Derive once more the angular momentum representation of the solutions 
of the Weyl equation (14.41) and (14.50). 


Solution. We start from the Dirac spinor in standard representation: 


a g(r) Xe, p 
Onn = (Foy ae) | “) 


The transformation to the new representation is achieved by the unitary matrix 


ms 1 tee | 
= a(4 1) 0 


Furthermore, the neutrino states are generated from YW = ye i##/" by 


vw = 5-45) b = 5-75) Oday, 
de =$(1+45)b= $+ 95)Odny - (3) 
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In view of Exercise 14.3. 


Se aimee lleereslin 0 0 
az 3) eels 2) 


one obtains 


es 0 0 g(r) a 
= sl Ne? ae 


1 . 
= V2 (-91) Xr, a ay (rer : (5) 
and correspondingly it holds that 
y7_ | f2 0 1 1 Ie 
(+90 == (5 ae eee 4) (6) 
and thus 
mee! 1) (ae) oo . 
7 (< 0) (8 ar Fy (9X + FOX) 16 


Since the factors /2 and global signs can be absorbed within normalization or 
phase factors, they can be omitted. 


15. Wave Equations for Particles with Arbitrary Spins 


15.1 Particles with Finite Mass 


Here we want to outline Enenly how to construct wave functions which describe 
particles with spin s = 1, 3 5,--- out of solutions of the Dirac equation and also 
to study by what kind of wave equation they are generated. As already seen in 
Chap. 6, the lower components of free solutions of the Dirac equation with positive 
energy vanish in the case mp # 0 in the rest system of the particles [cf. (6.13)). 
Thus, for E, = moc” (which means p; = 0 when we are in the rest system) the 


spinor components are given by w“)(0) = 6, and thus 
oO , a3 


The superscript (+) denotes r = 1,2, which characterizes solutions of positive 
energy. The tensor product 


Ce oS (Ow). 0) (15.1) 


af...7 


2s 


has 2s indices which are, at first, independent of each other. But considering the 
total symmetric part of this multispinor 


w**) ee a) O)= eK) (15.2) 


WoB.r WB. 


(the summation index p denotes permutations of the indices), we find the following 
linearly independent combinations in the rest system: 


wt? (0,i =0) = bai6—1...b1571 


WoZ.. ag 
wher, =1) = bardpi5y1--- 6r16r1 
Ar 64168261 lees 
+ 601661642... OplOri ss: 5 


Oe 2) = beats: 62612 (15.3) 


The ith multispinor has i indices equal to 2 and 2s —i indices equal to 1. Each of 
these multispinors represents an eigenvector of the operator of total spin, with in 
the rest system is defined by 
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573 ~ 1p H3 
Sa! BB .wy'rr! =>. Ret 68! aitaiie Orr! 


ap LAS? baa’ O38" sav Opp 
(05056 25 See (15.4) 


where 


ay of Oa) OM ae 
ne-($ 2)+ 


is the well-known four-dimensional Pauli matrix. Indeed, it is easily proven that 


Sr Sa & 


0 0 
—1 0 
0 0 
0 =| 


Sooo = 


TASB wA(0,i) = As — iwi). (15.5) 


This is demonstrated in detail in Exercise 15.1. Since, apparently, i = 0,...,2s 
is valid, the number of eigenvectors is just 25 + 1, and according to (15.5) the 
eigenvalues of (fi/ 2)o> ate §;5—-1,..., —s el es directly demonstrates that 
the symmetric multispinor (15.2) may indeed be interpreted as the wave function 
of a particle with spin s, where the z component can obviously assume 2s + 1 
different values. An analogous consideration allows the construction of solutions 
of negative energy. In this case the upper instead of the lower components have 
to vanish in the rest system. This means that we only have to replace the indices 
1, 2 in the Kronecker deltas in (15.3) by 3, 4 and the superscript (+) by (—), and 
this will be verified in Exercise 15.3. 


LL) ar LESS) 


15.1 Eigenvalue Equation for Multispinors 


Problem. Verify that the multispinors w‘t(0, i) fulfill the eigenvalue equation 
LASPwH(0, i) = Als —i)wOP0,i)  i=0,1,...,2s 


Solution. Using 


1 0 0 O 
a 0 -1 0 9O 
rar =10 01 Of ? 
0 0 oO -!1 
j 0-0 0 
a 0 {Tete d 
(25) og = 0 0.4 0 , etc. 
UR) 2) 


and (15.4) we get 
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—— SE a ar a a a ee Se 


lies . 
(5ns%o, i= 0) Exercise 15.1. 
af...7 

Aes (4) 

a 5 Va! BB'..vvl rr! Wa pr.v'7t (Osi a 0) 
he 

= 5 va! Sat 51 ee eniOs 
Peas roy eee ery by 

al 5 BB OB 1071 ---On1071 +... + bo16,1 : Oi 5 rg br1 

h 

= 528 (Sa18a1---5r1) = hswp) (0, i = 0) (1) 


and analogously 


(5n8u%0,i - b) 


af...7 


A le 
= 38 oy Oc’ 26 1 2 Oey + §o25 6658" eos] 


2 
4+... £ bo2661 es: + 5 haBartBpn-- Br 
+ bai Shp bor. 6r1 Ree SIE +... 
2s—-1 
= — §926¢1... 671 + 6a251 --. 571 +... + ba25h1 --- Sr1 


+ Oa10@2.-. 07] — 091092 .-.071 +... + Og1092-..071 4. >. 


= h(s — 1) [6a25,1 meer + Onieega. 0,14. 2 
= 1 aU (hae (2) 


af...7 


(FS 00, = 25)) 


aB...T 


tian Ties 
= 3 aa’ 5a’26 2 2. O72 + baa apa" a OeD 
A A 
+ wee + 602082 Geb 5 rr’ be'2 
= —hswyjg.,0,i = 2s) . (3) 


Hence the action of (3)ya/.77/ on the multispinors w(0, i) is clarified, and the 
validity of the eigenvalue equation (15.5) is proven. 
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15.2 Multispinor w+) as Eigenvector of 37? 


Problem. Show by using the example of the multispinor w‘t)(0,i = 0) that it is 
an eigenvector of (h?/4)32,,.447 7” With the eigenvalue fi2s(s + 1). 


Solution. The vector operator ¥’ is defined in a similar manner to 3 in (15.4); 
then, we have 


(Gj &”) aa' BB'..4rT! a 


+1S 0 Bec +1 Lp > Egg +...+452%, . 


Here, the notation has been simplified by omitting the delta functions with respect 
to the not explicitly listed indices in each term of the sum [cf. (15.4)]. On the rhs 
of (1) we see 2s rows with 2s factors in each individual term. The quadratic terms 
can be easily calculated, e.g. 


pin nO en Oka eee Oe ea (2) 


A similar expression is valid for every pair of indices G(’,y7y',...,77'. Since each 
row of (1) contains just one of these quadratic terms, the first contribution to the 
expectation value of (1) is given by (3/4)2s = (3/2)s. Just (2s — 1) mixed terms 
of the form 

is oe (3) 
remain in each of the 2s rows, where 3 and &” act onto different indices because 


of the total symmetry of we Ot ) in a, B,...,7. By considering the example 


w'*)(0,i = 0) it is most easily demonstrated that 
1-3) (0,2 = 0) S007 — 0) (4) 


Inserting w(0,i = 0) from the first equation of (15.3) and remembering that 


a 
eee 


it follows in the representation of the Pauli matrices [see (1.65)] that 
(4D a0 + Egg) 6018971 « 
(Law Sha + Sea Zap: + Soa pr) ba'18er «- 
(Sie «2682 + 35, 051502562 “li Bi Ph ata) 
((+1)6a252 + (—1)5a26¢2 + (+1)6016,1) -. 
Salopiass -- (5) 


Ale Al Ale AIO 
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In (1), each term of the form (3) yields the contribution 1/4 to the eigenvalue, and 
altogether, we obtain 


(4.27) oP, i = 0) = [35 + 1(2s — 1)25] w0,7 = 0) 
=s(s + 1)wP0,i=0) . (6) 


Multiplication by h? yields the desired result. Similar, but more involved, is the 
recalculation that the remaining w‘+(0,i) of (15.3) satisfy the same eigenvalue 
equation. Together with (15.5), this proves that the 2s + 1 multispinors w‘+(0, i) 
of (15.3) describe particles with spin s. 


1 T'S, | a et 


15.3 Multispinor of Negative Energy 


Problem. Construct — analogously to (15.3) — the multispinor of negative energy 
in the rest system and, based on this, the eigenvalue equation analogous to (15.5). 


Solution. It follows immediately from (6.3) that, analogously to (15.3), 
ay (0,i =0) =6035@3...673 , 


af3...7 
ee, Py) 604683 2 O73 + 60368463 22673 +...+ 603693 ne es 
0,6 =2s)—Casbgg Or, - (1) 
Since 
1 0 0 
a QO -1 O 0 
suet 
Vaal = 0 0 1 0 : 
0 0 0 -1 
the action of 3 on 0. i) is the same as the action of 3? on ee Oh ). 


For i = 0 this means that 
(GASPwWO,i = 0) 15 , = 2h [2 oaba’36p3 ---523 + 6035/5 9/5p'3 --- 73 
SP gon 3F 603683 ed 316713 
= hs ba36,3 Bo 673 ss hsw) (0, i = 0) 
The further calculation is analogous to that presented in Exercise 15.1. 


Now we can transform these multispinors into an arbitrary frame of reference, 
bearing in mind the work of Chap. 6, particularly (6.30) and Exercise 6.1. By 
“boosting” all factors of (15.2) at the same time, i.e. applying the operator S (p) 


: PY Ape eee) e.(P 
PM ein cos (2) =e (=) oe (=) ae, (2) (15.6) 
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we get 
wp, =8 (B)wW@) ,  w@D=8(F)wOGH . 05.7 


(In Exercise 15.4 these spinors w‘*?(p, i) will be explicitly calculated.) Now every 
wave function may be written as a superposition of plane waves: 


yr) Me P, i)= wt) ab eeee 
WO) (x;p,i) = wD) (p,i)et?’ DG (15.8) 
and thus 


WYog..1r(x) = > [e, iw? Beep i)d’p 
i 


ty [Ooi (xsp,i)Pp . (15.9) 


Hence these multispinors fulfill in coordinate space the following Dirac equation 
for each index, separately: 


(ihy - O- MOC eve Y oly sl. ax) = — ’ 


(iy 8 —moc);q Vogt) =0 . (15.10) 


They are named the “Bargmann—Wigner equations”, after their inventors.! Of 
course each component is, in accordance with the properties of solutions of the 
Dirac equation, also a solution of the Klein—Gordon equation 


pies 
(c Pays ) Wey 0. (15.11) 


The quantities Yg ,(x) can obviously be regarded as the components of the 
wave function of a particle with mass mo and spin s, that is composed of elemen- 
tary identical spin-5 fields, since there exist exactly (2s + 1) linearly independent 
components, each of which obeys (15.10) and (15.11). According to (15.5), each 
of these components is an eigenstate of 3°. 


LO i a 


15.4 Construction of the Spinor wed. ,(P>2) 


Problem. Determine from (15.6) and the results of Exercise 6.1 the spinor 
wt) (p,i), using the operator 


Wo B...7 


Sccer’ BB'..r7'(P) ; 
hence deduce the result 


CA cae MC aarp, (Ps i) = 7 a MoC) pg" 5". (Ps t) 
= (9 —moc)rrwhe (pi) =0 . (1) 


' V. Bargmann, E. Wigner: Proc. Nat. Sci. (USA) 34, 211 (1948). 
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Solution. In the standard representation (3.13) we obtain according to (6.32) the 
four-component Dirac spinors of momentum p by using the Lorentz transformation 


w"(p) = 8 (-2) w7(0)  r=1,2 , (2) 


where, according to Exercise 6.1, 


3 ee) _ [E +moc? 
E/ — 2moc? 


1 0 Pze pce 
E+moc? E + moc? 
; ; pxe —p2c 
E+moc2 E+moc? 
x Pze pc 1 0 (3) 
E+ moc? ES. moc? 
P+e —P2e 


ee ae 1 
E+moc2 E+ moc? 


Hence the two solutions of positive energy with spin up and down are the first 
two columns of matrix (3). However, in contrast to (15.1) it holds that 


w (p,i)#0 for a,f...,7=3,4 . (4) 


OBL 


Using (15.6), (15.7) and (15.1) we obtain 


w) (p,i=0) =§ ‘aan §(-£) ...8 


§(-F) 018 (Ege S (-z) 
—-—} §{-= Ss (-= 
e ( E/ ai is E/ ri 
Ze 
fo We ae ae a (_P 
+8 (-2) Ba Ce) 
Aye a (ue 
w) (p,i = 2s) =8 a ia fi (5) 
Each of the indices a, 3,...,7 “scans” the columns of matrix (3), which are com- 
posed of the solutions w7(p) of (6.33a), Le. 
(i —mocw'(p)=O T=1,2 . (6) 


Hence (1) holds. 
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15.5 The Bargmann-Wigner Equations 


Problem. Show that the spinors (15.9) obey the Dirac equation in the form (15.10). 


Solution. We use the Dirac equation (6.33a) in the momentum representation for 
the four-component spinors w7(p), that is 


Gi —é-moc)w"(p) =0 for r=1,2,3,4 (1) 
and the “plane waves” (6.31) 

Upz) = wpe PX/h (2) 

Now the Dirac equation in coordinate representation reads 

(ifiy,0" — moc) Uh(x) = (€ryup" — moc) w(pye*P*/2 = 0 (3) 


Each linear combination of these solutions 


W(x) = 3s / ate c-(pyvy(x) (4) 


with arbitrary functions c,(p) obeys the Dirac equation, too: 
(ihy,,0" -- moc) W(x) 


dp 
=) / Qnhy2") (ifry,0" — moc) pi (x) 

dp zeit 
= 2 / Onhpne®) (eu = moc) Ww (p)e p 


=0 . (5) 


For an arbitrary aa gner multispinor 


Posp..r(%) = Hic (Qn Sail Jw? a aii sd 


+B (Pie? *"OG, i)| (6) 


we obtain 
(ihy,,0" a a of fir) 


= {f oaapn (27h)3/2 (Cas =< moc) Aeu wy ADs ie P*/h Hp, i) 


~ (apt + may U9, .ide*/Hpi ; eG) 


etc. for all the other indices. However according to the construction of oF Bie) 
(cf. Exercises 15.2 and 15.3), it holds that 
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ate : 
(Ggp) = mgt), Oly) 


= (7 a M0C)ac' See BAI. (=) Si ae (0, i) 


= 0) «. (8) 
Taking into consideration the relation 
r — & _&rp r 
w'(e,p) = § ( wu \w (0) (9) 
[cf. (2) of Exercise 6.6] one gets, furthermore, that 


(Yup + moc), WS ,(Pri) 
a Pp = : 
= (7 a M0C ace! Soc! BB! 7! (=) DS peed i) 


=U ss (10) 

Of course, we obtain analogous results for the other indices G,...,7, and hence 
we obtain 

(ihy,0" — moc) aa! Vo! By..r%) = 0 (11) 


and, analogously, also 


(ihy,,0" inal moc) 1.5 Wagry..r(X) =0 ’ 


(ifiy,,0" — moc), Vapy.r'(t)=0 . (12) 


Le 


These are the so-called Bargmann-Wigner equations. 


15.2 Massless Particles 


We have to modify the derivation of the Bargmann—Wigner equations for massless 
particles, because we cannot find a rest system for mo = 0. However, we can 
choose the z axis colinear to the direction of momentum: 


p= (p',0, 0p) (15.12) 


The Bargmann—Wigner equations (i.e. for each index the Dirac equations) in mo- 
mentum representation read 


P (47° - 1) oar Our. Aa ; 
94) wi) _(p) =0 (15.13) 
Blea = 1) ca, a) : : 


where + again denotes the sign of the energy. Multiplying these equations by ~° 
yields 


Exercise 15.5. 
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at = de 
Oy cai wre. “p= = = Baa’ ce 7P) = aol 7) ; 
(an oe a eS oa © 42 sult 7) = tw) _(P) ? (15.14) 


because y°y° = Il. Neither in the standard representation (3.13) nor in the Majorana 
representation (cf. Exercise 5.2) of the Clifford algebra is the matrix 7°? diagonal. 
But, using a unitary transformation, we can find a new basis so that 


0 -i1 0 4G; ; Gj 0 
os i i A ee Os ee i 


(15.15) 


This representation is called the chiral or Weyl representation, because the 
chirality operator > is diagonal in this particular representation (which will be 
shown in the next exercise). The name “chirality” will be justified in the following 
text. 


EXERCSE Ere 


15.6 + Matrices in the Weyl Representation 


Problem. Show that the y matrices in the Wey! representation ohey the common 
commutation relations. 


Solution. In standard representation [cf. (3.13)] 


Soe 0 oma. s < faUeel 
where the upper index S stands for “standard representation”, (5.9) yields 
%is te =O (2) 


and (3.11) gives 
IW +n = 29.00 (3) 


In the Weyl representation the matrices 7; remain unchanged, only ys and Yo are 
exchanged: 


= » a= ee (4) 


Because of (2) and (3) the anticommutation relations (3.11) are not changed by 
this transformation. The transformation is explicitly given by 


= ss (5) 
with 
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In the Weyl representation the operator on the lhs of the Bargmann—Wigner 
equations becomes diagonal so that the eigenfunctions may be determined conve- 
niently. Before proceeding to do so, we want to emphasize a remarkable property 
of the zero-mass Dirac equation. Due to the absence of the mass term an addi- 
tional symmetry arises: for any solution w(p) there is always the spinor y>w(p) 
simultaneously eigenfunction of the equation, since the matrix ~> commutes with 
the operator &? = 7°73 appearing in the equation of motion (15.14) and two com- 
muting operators can simultaneously be diagonalized. Therefore the solutions of 
the Bargmann-Wigner equations may be classified by the quantum numbers of y° 
(chirality): it is convenient to employ the chiral representation, where 


P ll 0 
Vs = YONI I23 = (4 a) . (15.16) 


Obviously the chirality operator is already in diagonal form (which explains 
the name of the representation). With respect to a chosen inertial system, we define 
the chirality of the solution to be positive if the eigenfunctions satisfy 


sw (p) = (+1wP(p) , (15.17) 


where the subscript “+” designates positive chirality. With this notation, the so- 
lution w+(p), for example, refers to a state with positive energy [superscript (+)] 
and positive chirality (subscript +). Hence, the spinor eae (p) must have the form 


wi?) 
= 
w)(p) = eee = ic oo (15.18) 
0 


and, on the other hand, solutions with negative chirality must satisfy 
sw (p) = (-1 wp), (15.19) 


i.e. they will be of the form 


0 
(4) : : (15.20) 
(CoE (p) =— wp) — ( 5) 6 . 
wp) 
The functions 

(+) (+) 

yh =: es veers: ee.) (15.21) 
28) w4 


just defined are now two-component spinors. Consequently, the Dirac equation 
(15.14) splits into two-component equations, namely 


Su atu , SyYHa zy . (15.22) 
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Since there exists only two eigenfunctions of 63, we conclude that v*)(p) = 
u*)(p), an identification that implies significant consequences, as we shall see. 
However, the eigenfunctions of 


25 eer 0 
i =(j ={ 


correspond to the eigenvalues +1, i.e. for positive (negative) signs of the energy 
only the upper (lower) components of the two-spinor uv“? do not vanish. That 
means, in this case the spin orientation must be parallel (antiparallel) to the direc- 
tion of momentum. In contrast, the spinor v‘t) has exactly the opposite property: 
for positive (negative) energy only the lower (upper) component is non-vanishing 
and the spin orientation is antiparallel (parallel) to the momentum, which, by defi- 
nition, is assumed to point along the z axis [see (15.12)]. In other words: zero-mass 
fermions (e.g. neutrinos) with definite chirality have the property that the helicity 
& - p/|p| of the particle depends on the sign of its energy. In the case (15.17), 
zero-mass particles with positive energy have positive helicity, whereas zero-mass 
particles with negative energy carry negative helicity, and this partly explains the 
name chirality (“screw sense”). If we interpret the properties just explained in 
terms of the hole theory (cf. Chap. 12), where a wave function of negative energy 
and momentum —p corresponds to an antifermion with positive energy and mo- 
mentum +p, one observes that zero-mass fermions and anti-zero-mass fermions 
with positive chirality both also have positive helicity (they are “right-handed”’). 
Similarly, fermions and antifermions with negative chirality both carry negative he- 
licity (they are “left-handed”’). With this insight, the term “chirality” now becomes 
evident: chirality for zero-mass particles is equivalent to their helicity. 

In analogy to the wave functions for particles with finite mass, one may now 
proceed to construct a zero-mass, symmetric Bargmann—Wigner multispinor from 
the zero-mass Dirac solution in the chiral representation {cf. (15.1—-15.3)]. However, 
since we employed a unitary transformation to pass to the chiral representation, now 
all the components with indices | and 4 in (15.3) contribute to wave functions with 
positive energy, which is also reflected by (15.22). Due to the chiral symmetry of 
the particular components, we can now search for eigenfunctions of the Bargmann— 
Wigner equations for each component that is simultaneously an eigenfunction of 
9°, ie. with wog..r(p) being a solution, 7>,,,Wa'g..r(P); Y3e'Wap'..r(p), etc, are 
solutions too. Taking into considerations the symmetry of the Bargmann—Wigner 
multispinors, it follows that the number of possible solutions reduces from 2s + 1 
to only two, since for positive energy and positive chirality there are merely 


Wi DY Oop orl = (15.23a) 
Similarly, for positive energy and negative chirality, 

ws P) ~ bas5pa-.-br4 (15.23b) 
and, as before, the subscripts “+”, ““—” designate the chirality, and the superscript 


(+) denotes the positive energy. 

These are the two eigenfunctions of the operator for the total helicity that cor- 
respond to the two extreme eigenvalues +s. For negative energy solutions the con- 
clusions are completely analogous. Hence, the wave functions may be transformed 
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to any Lorentz frame and subsequently be re-expressed in terms of plane waves 
to construct arbitrary wave packets in configuration space as linear combinations 
which satisfy the Bargmann—Wigner equations in configurations space. 

Unfortunately, the outlined procedure for constructing the Bargmann—Wigner 
fields for particles with arbitrary masses does not allow us to find a Lagrange 
formulation, which is of fundamental importance for the quantization of the theory. 
To infer a Lagrangian density, one needs to transform the general Bargmann— 
Wigner equations for each particular spin orientation separately in a skillful way. 
In the following we will illustrate this concept for the case of spin-1 fields. 


15.3 Spin-1 Fields for Particles with Finite Mass: 
Proca Equations 


In this case the Bargmann-Wigner field is labelled by two indices. The two Dirac 
equations for the symmetric matrix Yyg(x) may be written as follows: 


(ihy,O" — moc) V(x) =0 , W(x) (ihyT A" — moc) = 0 (15.24) 
or, in detail 

(ihO, Yh 4 — mocbaa') Yara(x) =O , (15.25a) 

Waar(x) (ity Ou — mochpa) =0 . (15.25b) 


Since the 4 x 4 spinor is symmetric, it may be expanded in terms of a complete 
set of symmetrical elements of the Clifford algebra standard representation, the 
latter consisting of ten symmetrical matrices 


oe, OP’ (15.26) 


where C = iy”7° is the charge conjugation matrix that was defined in (12.23) and 
satisfies (12.24). The remaining six matrices 


one, isc , € (15.27) 
are antisymmetric; thus it holds on the one hand that 
(qhe)h = OT yHT = —€ (4?yy°)” 
== yy = iyy =yC (15.28) 


and on the other hand, we have 


(iysC)) = CT ink = -i7? 7 (Hins) = —isC (15.28b) 
Therefore, we define 

, ee. 
W(x) = el oh (x) +50! CGulx) , (15.29) 


where the coefficients yp“ (x) and G“” (x) are generally complex and transform under 
Lorentz transformations like a vector and an antisymmetrical tensor, respectively. 
The Bargmann—Wigner equations (15.24) now become 
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| 1 : 
(ihy - 0 — moc) (mac-y0"e) a 58 wG"(x)) c=0 , 


(Fmocroh( ae 54 aia" (x)) C (iky' - a moc) =0 . (15.30a) 


With regard to all indices, we explicitly rewrite the first of the above equations, 
which, for example, reads 


1 A Ce. ee 
(ify - 0 — moC) aq! (jmactn.c op ph(x) + 5 uve Jara") =O 


1 i il : 
(ify - O — moc)ger ( moctue Jape’ (x) + 5 Ful ag? G" «)) =0 
(15.30b) 


It now becomes obvious that the coefficients p(x) and G*¥”(x) do not take 
part in the matrix multiplication, and therefore they may equally be placed between 
the matrices y“ and C or between 6“” and C, as has been done in (15.30a,b). 

Now, in the above representation of C it holds that € ah = — YC . Thus, we 


can factorize C out of the equations: 


(imocOapy(x)y*y" =F mec?ypp" (x) As silyad"” O° Gyr (x) 
—Aingc6”Gyr(x))C =0 , 


(imocOypulxyyy" + moc? Yip" (x) + zihor” YI" Gyr(x) 
+4moc6""Gy(x))C =0 . (15.31) 
Using the relation (cf. Exercise 3.2) 
[y*, 24] = 2i(g™Py” — 92%"), (15.32) 
it follows for the difference of the two equations (15.31) that 
. i Wee 
WGC Ve0 0G Ga, — lye (na.6°" + an ai =0 
(i333) 


The coefficients of the linearly independent matrices C Gog and y"C must 
vanish separately. Hence, for mp # 0, this implies that 


GYY = Oly’ — a’ _, (15.34) 


8,6" =p’ (15.35) 


These are the so-called Proca equations.’ Expressed in terms of the vector field 
yp” they have the form 


m2 


2 
Cc 
Cy’ — 04 (@,y”) + 2 A," =0 (15.36) 


from which the subsidiary condition 


2 A. Proca: Le Journal de Physique et le Radium 7, 347 (1936). 
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ye) 
myc 


follows directly. Thereby we then obtain 
a) 
(c a ) gH =0 , (15.37a) 
h 
ng =O . (15.37b) 


Just as in (15.34) and (15.35), these are again the Proca equations, but now solely 
obtained using the potentials y“. The appertaining Lagrangian density is 


1 * Vv 1 * Vv Vv 
LProca = 7 Ou" a 5 Ow (Op aa ip) 
1 : e mac? 
— 5 (Quvy — Ae") GY + ooh, (15.38) 


and we shall further comment on this in Exercise 15.10. 
Note that from (15.34) an identity follows in form of the homogeneous equation 


OGRE GHOrG ° HaGe—) , (15.39) 
which can be formulated by means of the “dual” tensor 

eae Ga (15.40) 
also as 

OG. =O. (15.41) 


15.4 Kemmer Equaton 


The Proca equations can also be cast in another linearized form. For that purpose 
we introduce the ten-dimensional “spinor” 


XI 
X= ; (15.42) 
X10 
Its components are connected with the Proca fields as follows: 
i i 
ss G ae G2 
AN V/tioe OS Yio 
i 1 
ee ew = 2 eG 
X3 Moe » X4 Jitoe ’ 
= Ca, = —-——G 
6S Vito Xe Vite 
a/Moc 4/ Moc 
eee, Xie 


ae (15.43) 


xo = rs ae ’ X10 = —1 is 
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Then the equations of the Proca theory (15.34) and (15.35) can be written as 
(if6,,0" — moc) x(x) =0 , (15.44) 


where the 10 x 10 matrices can be chosen as follows: 
ai 0 0 @ iK# 
o_| 00 0 0 ai |. bes mad 
= bet : = at , (15.45) 
p 4149 9 0 p stg ( 
D.0.e neo ik'ae 0) OnanG 
with k = 1,2,3. The relation (15.44) represents a set of 10 differential equations, 


which are known as the Kemmer equations.’ The elements of the 10 x 10 matrices 
GB are given by the matrices 


O20" 0 he0es0 
9=(0 0 0) ; 1=(0 10) 
O00 Oo50: aT 


00 O OG ee 1) 
st=i(a 0 -1) ; ai 0 0 0) ail ) o| 
Golan =) o O00) 


K'=00) , K°S@@Oe, K2=001) 4 
0=(000) . (15.46) 
We convince ourselves of the equivalence of (15.44) with (15.34) and (15.35) by 


showing that the ten equations do indeed coincide. For example, the first line of 
(15.44) yields 


i lipc (0° '_ @'y® _G") =0 . 


i.e. just the 4 = 0, vy = 1 component of the Proca equation (15.34). As a second 
example we consider the tenth line of (15.44): 


imoc” 
h 


Because of the antisymmetry of G”” it can be also written as 


if. (O,Go1 + 02Go2 + 03Go3) + y =0 


10 20 30, Moe” 6 
0,G™ + 0.G™ + 3G bg = Cae 
which is just the y = 0 component of the inhomogeneous Proca equation (15.35). 
The remaining components of (15.34) and (15.35) can be verified in an analogous 
manner. Now the above defined 6 matrices fulfill the “commutation relations” 


BBB” + BY BBY = ga” + gh aH (15.47) 


(as can be shown easily by calculation, cf. Exercise 15.7), and these define the 
so-called Kemmer algebra. If one passes to another representation @’ = SGSt 


> N. Kemmer: Proc. Roy. Soc. A177, 9 (1939). Sometimes the name Duffin-Kemmer equa- 
tion or Duffin-Kemmer-Petiau equation is used in the literature. As is often the case in 
the history of physics, several researchers almost simultaneously studied the same topic, 
here the spin-1 fields. 


15.4 Kemmer Equaton 


of the @ matrices by a unitary transformation S, then of course, formally neither 
the commutation relations (15.47) nor the equation of motion (15.44) for the field 
x’ = Sx (called the free Kemmer equation) change. Obviously it is fully equiv- 
alent to the Proca equation, and this is also the case with regard to the coupling 
of spin-1 mesons to the electromagnetic field.* Therefore in the chosen standard 
representation (15.46) the reverse transformation of the Kemmer theory into the 
Proca form can be constructed. If we define with 


U*:— (81) (2) (6s)? (848° — go), 
yey ies Ug = —i/rAe (15.48) 


ten additional 10 x 10 matrices, and with 
0 
ee (15.49) 


a 10-component spinor, we obtain 


ih 
ea) = BUY x(n) (15.50a) 
G(x) = /mocE'U"’x(x) . (15.50b) 


If we pass over to another representation 6’ = §GSt, then 
Unease Ss’ 9 U) j= 80S' , B= SE (15.51) 


holds accordingly. In other words: the Kemmer equations cannot only be repre- 
sented in the form (15.44), (15.46) but also in many other equivalent representa- 
tions. (In the following we shall follow these ideas further.) Also in the Kemmer 
form the spin-1 fields posses a Lagrangian density of the form 


Lxemmer = 318X8,0"%X — mocXx , (15.52) 


where one defines with 7 = 263 — Il 


X=x'n (15.53a) 
and 
gt =gt—ar . (15.53b) 


4 This was shown by Max Riedel in his diploma thesis (Frankfurt University, 1979) who also 
discussed other spin-1 theories and their relations to the Proca/Kemmer theory. Tragically, 
he died soon after its completion. 
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15.5 The Maxwell Equations 


If the mass of the Bargmann—Wigner particles vanishes, we have to take into 
consideration the chiral symmetry if we want to deduce a theory which is analogous 
to the Proca equation; therefore we have to decompose the fields into eigensolutions 
of the chirality operator -y; for each index (remember the explanations in Sect. 15.2). 
This can be realized formally by requiring that for the corresponding symmetric 
4 x 4 matrix W it holds that 


ihy-O(at Bys)V(x) =0 , 

D(x)(a+ Bys)ihy’-a=0 , (15.54) 
and that for arbitrary numbers @ and £3, if W(x) is additionally an eigenfunction to 
‘ys with the eigenvalues +1, then (a + Gys) reduces to the number (a@ + (@) and 


(15.54) reduces to the Bargmann—Wigner equations with vanishing mass (15.14). 
Now the ansatz for the solution, in contrast to (15.29), can only read 


Wir)=46,,06O) , (15.55) 
20h 


since y°6""C is certainly symmetric, though not so, however, y°y“C. From both 
oy y sy & ae. 
equations for W it then follows that 


Sihtya (a + BYs)GyO°G(x)C =0 , 


SiAG yy (A+ BY) YaO°GU"(x)C =O . . (15.56) 
Because of 
sav = hiet¥2G,, . (15.57) 


(see Exercise 15.20) and (15.40), this can be written as 


A 


ee i 
altro” (20%, mt BO" Gao c 


rere a 
= zihyss" (08 Gy +iB0°G,,)C=0 . (15.58a) 


Analogously the transposed equation reads 

Sho” -y5 (00° Gy +if0°G,,)C =0 , (15.58b) 
and the difference reduces to 

—2h (a0,G"" +iBd,G"")yC=0 . (15.59) 


The coefficients of the linearly independent matrices y“C must all vanish, in this 
case, additionally, for arbitrary numbers a, 3. If we set a = 1, 8B =O ora =O, 
8 = 1, eight Maxwell equations result: 


EPL CIE 4 =n Vines (15.60a) 


Gi) ee (15.60b) 
The homogeneous Maxwell equation (15.60b), which according to (15.39) reads 
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OPGh’ + APG’E 4 AVG =0 (15.61) 
can be fulfilled identically with the ansatz 
Ge = Og =o Oo = (15.62) 


however, we find no way to fulfill the auxiliary condition (15.37b) as we did for the 
Proca field. The field >" has been introduced here just as a supplementary quantity 
and has no physical meaning, this supplementary character being emphasized by 
the fact that its choice is not unique. The so called re-gauging 


Pulx) > gh (x) = pyx) — 0, A(x) (15.63) 


with an arbitrary scalar field A(x) leaves the physical field G“” unchanged, as long 
as the very general condition 


(0,0, — 8,0,) A(x) =0 


holds. The variety of fields y“(x) can be reduced if we define additional conditions 
like (15.37b), which select a specific gauge. Equation (15.37b), which plays an 
important role in electrodynamics, is called the Lorentz gauge. But using this gauge, 
the field ~(x) is still not uniquely characterized, because we can define a new 
field y’" such that 


dp" = O,p' =0 (15.64) 


for the case 1A = 0! A different choice of gauge would be to demand y® = 0 in 
addition to (15.37b) (radiation gauge), but obviously this gauge does not lead to 
a unique choice of the vector field py”, either. 

In the following exercise and examples we will further deepen our understand- 
ing concerning the various ideas presented here. 


YONG CTS |, Sate ae ee ete ae ee a ae 


15.7 Commutation Relation of Kemmer Matrices 


Problem. Verify the commutation relation (15.47) for the Kemmer matrices (15.45). 


Solution. We present the solution for three examples: 


(a) All indices are equal (u = v = A = 0). 
(b) Two indices are equal (u = v = 1, A = 2). 
(c) All indices are different (u = 0, vy = 2, A = 3). 
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Exercise 15.7. - (a) (u =v = = 0): First we calculate 
00 -1 0 00 -1 0 
027 0\2 = 060 60 00 @ 0 
G0 06 0 050 20e6 
100 0 
(tg 0 
000 0 
and then 
00 -1 0 100 0, 
0 (90\2 _ 76 60 009600 
O70 OO ) Oro 0 
60 -1 0 
($2 $8l-0 ° 
0260-0 
Thus we get 
Coe BB eo = 2 eo Gg tue (3) 
(b) (u = v = 1, A = 2): Once again we begin with the product 
0 @ @  K?t 0 @ @ Kil 
oa 0 @ -is? 0 0 9 -is! 90 
BB = ai ai 
@ iS? 0 0 @ is! 0 0 
| ae 0 8 #«~O K* 146 0 <a 
K+@K! 9 0 0, 
_| 0  -istis' 9 0 
0 09 -istis! OF ® 
0 0 0 es el 


Here products of the matrices S' from (15.46) occur, especially 


OG 0 1S-70° 0 6 Ot a0 
sis'=( 0 0 0)(0 0 -1)=(0 0 0) 
eon 0 (Oe Ga) 00 0 


=M%=K''@K? , (5) 


where ““@” denotes the tensor product of the vectors K't and K2. With the thus 
defined 3 x 3 matrices M“), we now have 


0 0 0 Kity (mer 4g 9 JD 
0  -iS' 0 0 -mMa% 9g @! 
1 2Ql\ _ 
Bs 0 is' @ 0! 0 0 —ma 0 
Ke 6 0 0 0 0 0 0 
0 i 9 oO 
: 0 0 is'm(2 9! 
— " is ty) 0 0! ; (6) 
K'M@) 0 0 0 
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and hence 
0 0 0 a 
K'M®» = (100) ( 0 0) = (7) 
0 0 0 
and 
0 0 ) O10 
simi ——(0 0 -1) (0 0 0) =0 . (8) 
O71 0 0 0 0 
The rhs of (6) contains the 10 x 10 zero matrix O10, 19; hence the final results reads 
6'6'B' + B'’B' = Oxi =g9"6' +978! . (9) 
(c) 4 =0, vy = 2, A =3: Evaluating the product of the G matrices 
K3@K? 9 0 0 
ae ) =15 157 ) 0 
= bs 10 
He a) 9 -is3is? 0! oo 
0 0 0 0 


the products of the 3 x 3 matrices 


On = 1/10 0-0. A 000 
sist = (1 0 0) ( eng) 0) =(0 : 
oO 0) =—t000 000 


Me Ke KO (11) 


S 


occur. Because 


On Uw 0o=10 0 
| 0 0 o| (: 0 0) = (0 
= OanO O00 0 1 0 


i> 
SS 
See 


=M°) = Kt @ K?.=M@ (12) 
holds, we obtain 
eeb role ac Bo 

00 -1 0'\ (Me 49 9 JO 
09 9 Ot 0 —mM2) 0 0! 

~|_1¢@ 9 O 0 0 M@) 9! 
00 00 0 0 0 «(0 
M2) 9g 0! 00 -1 0 
6 —-m® 9 dO 00 9 dO 

ale 9 —-me o}]l|-1290 60 
0 0 0 0 620. 00 
6 0 m@ 9 9 9 —M2@ 6 

_{| © 69 @ 0 (a 0 0 0 

~ | —-MS) @ 0 0 M®») @ 0 0 
0 0 0 0 o oo 0 


= Onxi0 =9° +9" CR? . (13) 
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15.8 Properties of the Kemmer Equation Under Lorentz Transformation 


Problem. Discuss the properties of the Kemmer equation under Lorentz transfor- 
mations. 


Solution. From our discussion in Chap. 3, we know that there has to be an explicit 
prescription which allows for an observer A to recalculate a wave function x(x) of 
the Kemmer field into a wave function ‘(x’) which is the wave function observed 
by B, who is at rest in another inertial frame. Following the relativity principle, 
x‘(x’) is the solution of an equation, which is of the form 


(ih,3/,0" = moc) x (x) 0 (1) 


in the system of observer B, if y(x) is a solution of the Kemmer equation 
(15.44). Because the Kemmer matrices Gis must also obey the commutation re- 
lations (15.47), from which they are defined up to a unitary transformation, we can 
write without loss of generality: 


Bi, a By . (2) 


Covariance of the Kemmer equation means that simultaneously (1) and (15.44) 
hold, where primed quantities refer to the inertial system of observer B, which is 
connected to the inertial system of A via the Lorentz transformation 


ina v Pte val 
Xp =a xX, , O,=ay,"O, , (3) 


[see (3.1), (3.3)] where a¥” is an orthogonal matrix [see (3.4)]. As an ansatz for 
connecting x with x’ we write 


x'(x’) = S@)x@) , (4) 
and vice versa [see (3.27—28)]: 


xX) = STAY). (5) 
Inserting (5) into (15.44) and after multiplication with §(@) one gets 

(ihS (4)G,8~'(@)O" — moc) x'(x') =O, (6) 
and then, because of (3), for the primed system B it holds that 

(ihS (4)6,8—'(@)a",0” — moc) x/(x')=0 . (7) 
In order that (7) is identical with (1), 

S~'@)B,S(@) = a,” B, (8) 


must hold, and from this equation iS (GZ) can be determined. To reach that goal we 
start, similary to the procedure described for the Dirac field in (3.36-3.68), with 
the infinitesimal proper Lorentz transformation 


15.5 The Maxwell Equations 


Guy = Guv + JAW ey ) (9) 
where 
Oy <1 


Because of the orthogonality (3.36a) of the Lorentz transformation, 
Awyy = —Aw,, + O (Aw?,) (10) 


holds. Expanding §(4) up to first order in Awyy gives 


-. oe... 
§(@) = 1- 5 Aw, i (11a) 
or 
§-@=$@")=14 A (11b) 


with the unknown 10 x 10 matrices /,,, (Il is the 10 x 10 unit matrix). As in the 
case of the Dirac field a formally similar calculation yields 


(a>, f4Y]_ = -2i (gy — gy"). (12) 
An additional determining equation for the generators ee follows from the relation 
S(@S(@’)S~'(@) = $(aa'a")_, (13) 


which states that $(@) is a representation of the Lorentz group on the vector space 
spanned by the Kemmer algebra. For infinitesimal Lorentz transformations it fol- 
lows that 


ee 2g eg eee e — GheTYF) (14) 
The relation (12) and (14) are fulfilled by the antisymmetric matrices 
= (Gee — por), (15) 


which can be easily verified by use of the commutation relations (15.47). This result 
occurs in direct analogy to the matrix a” in the Dirac theory [see (3.42)]. The fac- 
tor “2” in (15) gives rise to the fact that the Kemmer field transforms to itself under 
a spatial rotation of 27, and not 47, as is the case for the Dirac field (c. f. Chap. 3). 
The problem being solved for infinitesimal proper Lorentz transformations, we now 
look for the finite transformations which can be constructed by repeated application 
of the infinitesimal Lorentz transformations. With Aw#” = w#”/N it follows that 


rel . i wht. ‘ 
ee yim i — aw lH x(x) 
i 7 a aA 
= exp (~j0""ba x(x) =S@x@) . (16) 
With this the transformation properties of the Kemmer field x(x) under proper 


Lorentz transformations a“” are known. Now we concentrate upon the improper 
Lorentz transformations 4”, which can always be written as the product 
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GY = eae ae (17) 


where the matrix b#” describes either space or time inversion, or both, i.e. 


a 


b=p , 7? , pi. od 


1 O90 0 
pn [2 oh 2 8) ae 0 
0 0 O -=-l 
[cf. (4.2)] and 
-1 00 0 
wa{ $22 o)ao 00) 
0! 0: <0 sal 


Since the spinors x(x) lie within the representation space of the Lorentz group, 
then 


$(@) = § (ba) = §(6)§ (4) (21) 


must hold again, i.e. it is sufficient for us to find. § (p) and § (?). All other transfor- 
mations are then calculable as products. Since f and ? are discrete transformations, 
they cannot be obtained from infinitesimal transformations and we must directly 
start with (8): 


5 "@)g:5@) =pp" 6B. = ga" (22) 

By means of the Kemmer algebra (15.47) and 7) defined in (15.53a), one verifies 
that 

noi gl) 8 (23) 
is true and with that we obtain the parity operator of the Kemmer theory: 

P=SQ0)— 1 = (24) 


with arbitrary y € R. 
In the case of time inversion (cf. Chap. 12) we must start with the Kemmer 
equation with minimal coupling, thus with 


jing (a, Bi i= A, ) a moc ep ale (25) 


We designate the time-inverted wave function y7(x’) and require it to obey (25) 
in the transformed coordinate system; thus 


[ina (a, rm i-A\,) = moc | xr(x')=0 . (26) 


15.5 The Maxwell Equations 


In this connection, because of (20) and (12.41a) and (12.52, 53), 
A= 1,8, , (27) 


A, ——t, A, ; (28) 


The additional sign in (28) can be cancelled by complex conjugation. Thus (25) 
implies that 


_ ie V Q* * 

in (a, + <A,,) rev Be — moc x C—O (29) 
If we define the matrix 7 by 

ee = 1); (30) 
this implies that 

[—ift (0), + ieA,) eh’ T BST! — moe] xr(x’)=0 . (31) 
which coincides with (26) if 

oe) = 746, (32) 


is true [in complete analogy to (12.56)] for the Dirac matrices. Now in the repre- 
sentation (15.47) 


holds, which can easily be checked, i.e. we can choose 
T=" , . (34) 


with arbitrary y’ € R. The time-reversed wave function of the Kemmer theory is 
thus (up to an arbitrary phase) given by 


Nr y=x'@) . (35) 


LS Se 


15.9 Verification of the Kemmer Algebra 


Problem. Show that the Kemmer algebra (15.47) can be realized by the (16 x 16) 
matrices 


(B aps = 5 (alee a “thsbas) (1) 
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Exercise 15.9. 


Solution. Instead of (1) one often writes in an offhand manner 


Bu=7(w+%) > (2) 
where besides 

Nap elire ag eee (3) 
also 

[yy Ve a=! 


must be required, too. [Strictly speaking 7, = y, ® I and 7, = y, @ 1, where fl 
is the unit matrix of the Clifford algebra (3) in four dimensions.] Now, because of 
(2), we have 


BrBuBv = & (Wane tw +e + PN 
YM Ww + Ta + Ine +e) = (4) 
Adding £,8,,8) to this product results in 
PrBuBv + By ByBr = & apy + Wu'ta + Yeo + WV 
+ Va Vor te} Fes eee 
tw{tswhtrytmnmttmutmwryb) ,», © 
and since 
We = (VAs Yul Ww — Wado tet | tee ee (6) 


is valid, as well as the corresponding terms for the product apa too, we obtain 
[because of (3)] 


BrByBv aa Pv By Br = i (49.yWw + 4guvYa + 49x, a Agu) 
= 9p Pv ate Guv Br ) (7) 
and thus (15.47). 


EXERC SE 


15.10 Verification of the Proca Equations from the Lagrange Density 


Problem. Show that the Lagrange density Lproca from (15.38) leads to the Proca 
equations (15.34) and (15.35) and their complex conjugates. 


Solution. In this notation of the Lagrange density the fields G“”, G#”*, vy" and 
y’* are conceived as independent. A variation with respect to Gi, yields then 
because of the definition (15.34) of G*” 


OL 1 1 
= —CHY _ Ama — A’ pf a 
6Gr, 2 1 
Variation with respect to yj results in 
OL OL mec? 


) 


1 
aa: Weis aeegeor ho rere py _ auby _ 
aps ov FG gs) mY + 50AG G*)=0 


i.e. the equation of motion (12.35). The complex-conjugate equations are obtained 
analogously by variation with respect to G,, and p,. 
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15.11 Conserved Current of Vector Fields 
Problem. Determine the conserved current for the vector fields. 


Solution. The Proca equation (15.35) holds for the field G,,,, the corresponding 
complex conjugate equation 


OG", = — 


ae (1) 


holding for the field Giv- If we multiply (15.35) by vy} and (1) by y,, then the 
result is 


2 
Yer, (2a) 


PO" Guy = —a POL - (2b) 
Subtracting (2a) from (2b), we obviously get 

a Oi ae OG = 0 .. (3) 
This can be written in the form 

Os =), 
where the conserved current is given by 

Uae GG, oy (4) 
The reason is that the terms in braces in 

OMI, = p’OMGS, — (O°G,.") oF + {(O% "Gh, — Gud*y"*} (5) 


equal zero because of the antisymmetry of G,,, and G7, which follows from the 
definition (15.34), i.e. 


2°O' GG) — Guy0"e™* = 5 ("ge = 8p") Gi, — Gu(O"e™ — 0" o)| 
5 (G@G), —GyaG")=0 . (6) 


DRE _x—————————————————— 


15.12 Lorentz Covariance of Vector Field Theory 
Problem. Investigate the Lorentz covariance of the vector field theory. 


Solution. In order for the Proca equations to transform covariantly under Lorentz 
transformations, the field y,, must transform like a vector, i.e. under the infinites- 
imal Lorentz transformation [cf. (3.1) and (3.53)] 


Xi, = Ay" xy =Xpt+ Awy"x, , (1) 
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it follows that 
AG) = Ay(x) + Aw,”AL(x) (2) 


must hold, too. On the other hand the Lorentz transformation of a field can generally 
be written [in analogy to (3.27) of (3.39)] in the infinitesimal case as 


Al (x') = lou" ee is ba Awas| Ax). (3) 


Each of the matrices diss must be antisymmetric, because the Aw” are antisym- 
metric too [cf. (3.36)]. The comparison of (2) and (3) yields at once that 


(£2) og = Gage osu) = (4) 


For pure rotations, for instance, one obtains 


Ose ins 0 
Cag = +(9'x971 — 9'19°x) = (.: 0 0) , 
0 Boe 


0 0 0 
(es = (979° = 919°) = (0 0 -1) : 


0 +1 0 

Fe 00 -!l 

Ce =-(97g'1 - 9'19'k) = ( 0 0 0) ; (5) 
+1 0 0 


The indices k and / here take only the values 1,2,3 and these matrices can be 
conceived as the spin-1 analogues of the Pauli matrices [see (1.65)]. 


1) =e ee eae 


15.13 Maxwell-Similar Form of the Vector Fields 


The additional condition (15.37) of the Proca theory implies that the four- 
components of y are not independent dynamic variables. To isolate the inde- 
pendent quantities, we introduce the three-dimensional fields: 


BP=—te"G, i,j,k =1,2,3 (1a) 
ei ee lie gi? (1b) 
so that we can write 


Q -E! —E2 = £3 
E™) © —B> ve 
E* B QO eR! 
|) oe 52 0 


Gee c= — (Ge } (2) 


In this notation the Proca equations (15.34) read: 
Bi = —te™*Gy 


= —he* (Op, —HY))=(V x yy , (3a) 
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| 1a 
E' =—G" = -@y, + dp = - (25° == ve") (3b) 
Using the inversion of (1a), 


ul ’ , 
oe del etn Ge == k Co mG" n a GG n) coe 


= 3(G* —G%)=G* , (4) 
one gets the following relation: 
0G! = 0,c!" B, = —c*8,B, =(V x BY , (Sa) 
: one 
HGY =--—E . 
oO (5b) 
Therefore the spatial part of (15.35), with v = j, is given by 
10 mec? 
V x B---—E = -—— : 
4 c Ot a Re © (6) 
The temporal part, however, (v = 0) reads as 
; moc? 
BG” =v XE Ss y? (7) 


Equations (3b) and (6) are the true equations of motion, because they contain the 
time derivations of Oj and OoE, whereas (3a) and (7) can be seen as definitions 
of the fields B and Yo, respectively, expressed by the independent fields y and E. 
Substituting the dependent fields into the equations of motion by their definitions, 
one obtains from (3b) and (6) that 


10 h? 
Ses Dy V(V-E) , 8 
c art re ( ) 
le) mec? 
pepe te P+ X(Y x) 
2 mic? 
Sevens 1 VY Xe?) (8b) 


In the last conversion we used the relation 
[V x (V x O)]i = jj Oj Extm OA Pm = (mj — 645 6mi Oj Pm 
= 8,8m~m — AAP: =(VV-p)-V7 pli. (9) 


PROS) aaa er ae 


15.14 Plane Waves for the Proca Equation 


Problem. Find the solution of the Proca equation (15.36), with the additional con- 
ditions (15.35) and (15.37) of the form 


Poy Nace” (1) 


(i.e. plane waves) where N, is a normalizing factor. 
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Exercise 15.14. Solution. First of all, from (15.36) and (15.37) it follows that 
(p? - moc’) eo fa (2) 
This means the functions ef can only be different from zero if 
1 
p?= t—E, : (3a) 


E, =+c,/p? +mégc? . (3b) 


Additionally, condition (15.35) implies that 
Puf& =90 . (4) 


Now for every three-vector p and each sign of p®, a set of three linearly independent 
four-vectors a (A = 1,2,3) can be constructed which fulfil (4). Let e, (A = 
1, 2,3) be an arbitrary “tripod” with 


Ex-Ey =Oyy , (5) 


which, in the rest system, is obviously valid. Now we Lorentz transform to a system 
which moves with the velocity —p/p® = —v/c. Then the three-vectors €, convert 
to the vectors €>, with the components 

0 _ 1 v p-e> 


Ey = a EY 
pe V1 —v?/c2€ moc” 


RS. ie e)2 
ee v2 /c2 é ye 
(p+ €))p 
S15  aananaEEREnEnEn aan 
A+ moc(p® + moc) (6) 
These of course obey the covariance condition 
P* Er = PuEpy =0 , (7) 


because the latter does not depend on the reference system and in the rest system 
p = 0 and 0. , = 0. Furthermore the following orthogonality is valid: 


Epr * Ep 
_ @-e)M-ey) © lea + P(p: Ex) | e 4 _ PP: ey’) | 
mae moc(p® + moc) moc(p® + moc) 
_ (perp: ey) © es vee 2 Cua) P(p-€y)(p- 2] 
mc? moc(p® + moc) méc?(p® + moc)? 
4 P-EN)@ ey) [ _ _2me__ p® — moc 
mic? | 
=-dy), , (8) 


== Sta \ 2 Sy 


because the bracket yields 


p® + moc — 2moc — p® + moc 


0 =0 
p> + moc 


15.5 The Maxwell Equations Duy 
a er ONS 


Equation (8) is evident in the rest system, and, due to the invariance of the four- Exercise 15.14. 
scalar product under Lorentz transformation, the explicit calculation of (8) was 

not actually necessary. Together with the time-like vector p“, the three space-like 

vectors oie constitute an orthonormal quadrupod in Minkowski space. 


LD a a ea TN ETE 


15.15 Transformation from the Kemmer to the Proca Representation 


Problem. Verify the reverse transformation (15.50) from the Kemmer to the Proca 
representation. 


Solution. The matrices U“ and U” in our representation are given by 10 x 10 


matrices: 
00 0 
o {0 6090 O 
““lo00 a] ° a 
000 -1 
00 0 0 
k 0 @ 0 0 Ib 
00 1k" ©O 
0 0900 
KO o §@ 0 O ; 
Bi go 0}, Ge) 
ix’ 0.0.50 
0 0.00 
kl i) i) 0 O ld 
KT =1o 9 odo] - a 
0 ikK*'S' 0 O 
Now, for example, we have 
— me E'tU°y =+ ue x0 = 9° ’ (2) 


Moc a/ Moc 


because the spinor E! of (15.49) picks out exactly the lowest component of U°x 
[using (15.42) and (15.43) in the process]. In the same way 


ay = — sf ie (3) 
Moc moc 


etc. are valid. On the other hand, for example, 
/mocEtU'y = i/mocx: = G*! (4) 
or 


/mocEtU x = 14/ Mgexa) = G? (5) 
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holds, because 


Omi 
Ks? =1010)(1 0 0) = i000) = 1K (6) 
oe 0 0 


etc. Now it is clear that the transformation (15.50) does give exactly the components 
(15.43), so that, indeed, (15.50) is the reverse transformation. 


[Nb I= ee ee 


15.16 Lagrange Density for Kemmer Theory 


Problem. Convince yourself of the correctness of the Lagrange density (15.52) of 
the Kemmer theory. 


Solution. It has to be verified that the Euler-Lagrange equations 
ey & OL 


< — Ouaa = (I 
og BOD 
are equvalent to the Kemmer equations (15.44). Now with 
5) al | 
secede (Pee 
ay 5 ihByO"X — mocx (2) 
and 
OL Py 
BOG = —5thBux (3) 
it follows immediately from (1) that 
(ihG,0" — moc) x =0 , 
i.e. (15.44). Alternatively we may write: 
o= OL 7 OL 
Ox ¥ O(n) 
ee Lae 
= —mcxX — iixBy ar — Ou 5ihxXBy 
= -~X (me +ihB,a") =0 , (4) 


the equation for the adjoint spinor Y. 


POL ie tt i I Ty 


15.17 The Weinberg-Shay—Good Equations 


There is yet another six-dimensional spinor representation of the Proca theory, first 
given by Weinberg in 1964 and later investigated further by Shay and Good.> To 


> D. Shay, R.H. Good: Phys. Rev. 179, 141 (1969) and S. Weinberg: Phys. Rev. 133, B1318 
(1964). 


15.5 The Maxwell Equations 


substantiate it one can proceed in a completely analogous way to that of the deriva- 
tion of the Kemmer equation. In order to do this we define the six-dimensional 
“spinor” 

x1 

X6 


which is connected to the Proca field by 


eo oo) 

10= ~ Fag (GP +10") 

x3 = in : (GY? —iG®) 

ees inc (G3 + +iG") ; 

x5 = img (G"- 1Ge 

ae lect (G!2 4 +iG®) (2) 


With the notation (cf. Exercise 15.13) of the field strengths 
E! = Gio 
B; = <*G# (3) 


equation (2) reads 


1 i . +1 1 1 . 1 
x1 tae (B'-iE') , x4 ae (B'+iEz') , 
1 2 72 , 2! Deed 
X2 Amoc (B iE ) eee eae 4moc (B +iE ) ’ 
1 Sass re. 3 usd 
x3 te (B ae NG 4moc (B° +iE ) | (4) 


(cf. also Exercise 2.1, where the components \4, 75, 6 are unnessary because the 
Maxwell field is real). The field equations are given by 


[y“" ihO,,)GRO,) — GRO,,)GRO") + 2mgc?] x(x) 
= [ihd,(y"” — g’”)ihd, + 2mpc”]x =0 , (5) 
where the 6 x 6 matrices are given by 


i 0 6+ MO 4M = ji 
iB 6, 14+MP4mM% 0 ’ 


er ee - oat y ; (6) 
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The definitions of the 3 x 3 matrices S‘, M“, 0 and 1 can be taken from Ex- 
ercise 15.7 (commutation relation of the Kemmer matrices) and (15.46). That the 
Weinberg-Shay—Good equations are equivalent to the Proca equations cannot be 
shown as easily as in the case of the Kemmer equations, because first one has 
to give a suitable linear combination of the six Shay-Good equations, which then 
lead to the Proca form. This algebra problem can be most easily presented by first 
finding the inverse transformation, which is then used to reconstruct the Proca field 
G#” from the spinor y. 

Here we proceed in close analogy to the Kemmer theory. In the same manner 
as in (15.48) and (15.49), the antisymmetric 6 x 6 matrix U?” is defined by 


UY = je! ,B* , 


uF =A , (7) 
where 
i 0 0 
Ne (400 M®*) ’ 
0 0 
Bi = (400 _mM@e) > (8) 
are 6 x 6 matrices, too. The six-component spinor E is defined as 
0 
/ ee 
0 (9) 


Hence, analogously to (15.50), the following relation holds: 
1 
Guu = Tryey ; : 
eee XG) (10) 


Applying this matrix from the left to the Weinberg—Shay—Good equation (5) one 
has to take note of the fact that 


U bY yo8 = Via Oke cS (gt#u = (ier Oflas 4 gues a g’’ Ut) (11) 
holds. Consequently we find that 

—E'U™ [ihdg (y% — 9%) ihdg + 2mpc?]x =0 , (12) 
or 
5 Et [ida (gt UP — 9 UH + gH — gh”) ind] x 

= rc Ga (13a) 
The lhs of this equation reads as 


ihO“ihOgG*” — ihO” ihOgG*" + ihd“ihdgG*” — ino”’iho®GS 
= Imec? (4y” — A’y") , (13b) 
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defining the field y” by 


yt = 9,¢60n (14) 
mec? B . 


Equations (13) and (14) agree with both of the Proca equations (15.33) and (15.34). 
The Lagrangian of the Weinberg—Shay—Good theory is written as 


Lwso = hh? (O,X) (YY — gt”) Oux + 2moc?Xx , (15) 
where 
Y= ae (16) 


and this is examined in more detail in Exercise 15.18. 
Besides the representation used here there is another interesting representation, 
in which the spinor xy has a simple form. Defining the unitary matrix 


Lf ilins “ll 
aes) ep 
we get 
oe ee 
eal) a 


This spinor satisfies (5) if one inserts the transformed matrices 

anv — Sanvgt (19) 
In (10), naturally U“” and E have to be substituted by U’"” and E’: 

i Set) OE SE 


Oo |) a eee 


15.18 Lagrangian Density 
for the Weinberg—Shay—Good Theory 


Problem. Prove that the Lagrangian of the Weinberg—Shay—Good theory [Exercise 
15.17, (15)] yields the proper equation of motion. 


Solution. With the help of the Euler-Lagrange equation we obtain 


OL 9 OL 

dX" (A,X) 

[cf. Exercise 15.17, (5)]. The adjoint equation is obtained accordingly as 
OL OL 


0 
Ox * (OLX) 


0= = 2moc*x — ROY” — gh” )OLX (1) 


= 2mec?X — WO, AK” — gt”). (2) 
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15.19 Coupling of Charged Vector Mesons 
to the Electromagnetic Field 


The complex spin-1 fields appearing in the Proca, Kemmer, Weinberg—Shay—Good 
equations describe charged vector mesons. To let the equations of motion remain 
invariant, if we apply a local gauge transformation to the fields, the derivation 0,, 
must be substituted by the “gauge-invariant derivation” 


Dy = Oy +icAy 


where e is the charge of the vector field [cf. (1.132-136)]. Therefore the field 
equations of the three different theories read: 


ay) 

DG +g =0 , (la) 
GY = Dey’ — Dg"? ,  Proca (1b) 
(iAD,,B" — moc) x(x) =0 , Kemmer (2) 


[Duy — g”)D, — 2mgc’| x(x) =0 , Weinberg-Shay-—Good . (3) 


Since observable massive charged mesons are not elementary particles, but com- 
posed of quarks, as are the nucleons, we expect an anomalous coupling [in the case 
of the proton (cf. Exercise 9.11)]. In the simplest cases it can appear in form of a 
dipole or quadrupole coupling like 


a 
Leipole om BE ay ’ L quadrupole mE Geos apy . (4) 


The tensors b¥” and c*“” are bilinear forms in the vector fields formed with 
matrices of the algebra of the correspondling theory. 

In the case of free vector mesons we saw that the Kemmer, as well as the 
Weinberg—Shay-Good equations can be brought into Proca form. In doing this with 
minimal and anomalous couplings, the algebra becomes more involved. In these 
calculations one finds that the anomalous couplings in the Proca equations transform 
into the corresponding anomalous terms of the Kemmer equations and that the 
minimal coupling of the Proca theory is equivalent to that of the Kemmer theory. 
The Weinberg—Shay—Good theory exhibits different behaviour: after transformation 
into the Proca form the minimal coupling in Lwsg creates an anomalous dipole 
moment. However, since the Proca theory cannot exclude an anomalous dipole 
moment, a measurable difference of the three theories cannot be found (at least in 
the first order of the coupling constant a = e?/hc). 
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EXERCISE iii 
15.20 A Useful Relation 


Problem. Prove the relation 


AbY _ 1s pvaen 
537 516 Oso 


Solution. To prove this relation we take the standard representation, for which it 
holds [cf. (2.13) as well as (3.57)] that 


Hence we write 
as) ; ; i 
AO; . Oo 0 1 ijk m 1 Oijk A 1 Oi pv » 
c= 1 ni | = Re” Op = =e Ope = -E P'S 
Es ( 0 6! ) 9 Jk a Jk 2 WY 3 
ysot = clk ( 9 Fk) _ _jcitgot — 4 jciikogko _ 1 piuvg 
G, O D “aa 
Since the transition to other representations does not change anything, the re- 
lation is thus proven in general. 


15.6 Spin-3 Fields 


For simplicity we restrict ourselves to fields with finite mass. For s = ; the 
Bargmann—Wigner multispinor has three indices, and it is totally symmetric with 
respect to these. The equations of motion (15.10) read as 


(ify -O— mC) eo Yasyx)=90 , (15.65a) 
(iy -O — moc) gg: Vapiy(x)=0 , (15.65b) 
(ihy -O — moc). Yapy(x)=0 . (15.65c) 


We now try to expand the field in totally symmetric matrices similar to (15.29). 
Because of the total symmetry in the first two indices we make the ansatz [cf. 
(15.29)} 


os 1 K 
Vexany(x) = ul ash y(X) + uC aah") (15.66) 
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Here w(x) is a “vector spinor” (4 = 0, 1, 2, 3 is a Lorentz index, whereas 

= 1, 2, 3, 4 is a spinor index), ~“”.(x) transforms like the product of a co- 
variant antisymmetric tensor and a spinor. Symmetries in the indices @ and +, and 
consequently also the symmetry with respect to a, B, and , is guaranteed if the 
coefficients (15.26) of the expansion of the matrix (W)g+ in the basis of a Clifford 
algebra also vanish, as was the case in the expansion of (W,)ag. One gets these 
coefficients yy COnneeHne (15. 66), with respect to the indices @ and y, with the 
matrices C5, ee xia liys)a-y and (Ca lysy)a, which yields, for example, 


VaorCin = CC asl git 10) + 5CwC ase i ve” (X) 
c i 7 
= Fda PMY) + 5 Gurdon” y(x) = 0 


In this way one gets the three constraint equations 


Moc 


a (x) +E sow vi(x) = = ’ (15.67a) 
moc Ly 2 

SW IW) + sowrsder(x) =O, (15.67b) 
moc i , 

Fe WMI Var) ag zouv Is Vay (*)=0 , (15.67c) 


where we have not written out the spinor indices explicitly any more. Multiplying 
(15.67b) by ys and adding and subtracting (15.67a), respectively, leads to two 
equivalent conditions: 


wy") =0 , . (15.68a) 
Gy per(x)=0 . (15.68b) 


Furthermore we multiply (15.67c) by ys on the Ihs and make use of the commu- 
tation relations (3.11) and the relation (15.32), which yields 


Moc 1 
— = 2gur = WWM) + zMrFuh"” 
—1Qparty — rw (x) =O . (15.69) 

Because of (15.68) and the antisymmetry of ~“”(x), (15.69) reduces to 

Moc : 

Pat) —i7y pra) =0 . (15.70) 
Since the condition (15.68b) follows from (15.70) and (15.68a), namely 

Moc i 

SH) = in wo) = 0 = 50% — wr) 

= Gyrb"(x) =0 , 

we are left with the two independent conditions: 


wrx) =0 , (15.71a) 


vm) =inw@) (15.71b) 
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This corresponds to 4 + 16 = 20 linear conditions between the 16 + 24 — 40 
components of Wh and W#”, so that the number of independent conditions reduces 
to 20, which is the correct number of components of totally symmetric tensor of 
the third rank in a four-dimensional vector space. From the Bargmann—Wigner 
equations (15.65a) and (15.65b) then follows: 


Moc ,. a 
itty - 8 — moc)aa’ ul )a’pb"y(*) 


i a 
+ 5Gihry 8 — moe)aa' Bw C)arp he” y(x) =O, (15.72a) 


Higc as zs 
SF uCap (ity - 8 — moc) gg: b"4(x) 


1 a . 
+ s6wl)apiiliy- 8 — moc)ap we y(x) =0 (15.72b) 


In (15.726), again the products AC yi and wey, appear [cf. (15.30)]. Using 
the properties of C we rewrite (15.72) in the form 


moc +. ie BR 
[Gh 8” — mocyil] ag Vere) 


iiae 
oe) [Giy,0* — moc )ouvC] g P(x) =0 , (15.73a) 
moc : - a 
=~ [yuliw 0” — moc)€) 4 WH 4(x) 
1 a 
5 [Gyn (ihiy,O + moc)C] 4 Yer a(x) =0 . (15.73b) 
The difference of (15.73a) and (15.73b) yields 
ne a V |b moc? A m 
2moc(Grr.C )agO yp (*) a hi (Was (x) 


a. : 1, ee 
— moc(FpvC apy” Ax) + sik (Iya, FwIC) 4g YM’ y(X) = 0 
Because of (15.32), this corresponds to 
m9 ,~ a vy Vv 
Ful as [Ot y(x) — Mb" 4x) + duv4C)] 


D) Due? 
pe (x) + 20,p"(x)} =O . (15.74) 


ae (6 Jeep 


The coefficients of the linear basis matrices 6,,,C and y,C must vanish. For 
mo # 0 this yields similar relations as were found in (15.34) and (15.35) for the 
Proca fields: 


pee (x) = OM" (x) — OMX), (15.75a) 
e moc 

BPP) =~ (e) (15.75b) 
Because of the antisymmetry of w(x), then from (15.75b) it again follows that 

Opp (x)=0 , (15.76) 
and therefore also that 

mc? 
Dip (x) + ~ pe (x) =0 . 15.77) 
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Thus each spinor component of w(x) fulfils the Proca equation, and the tensor 
field y“”(x) is uniquely determined by ~“. Correspondingly the third Bargmann— 
Wigner equation yields 


uC Jaa [Gihry 8 — mocW"(x)],, 
+ 5 Owl ap [City 8 — mocy""(x)]_ =O. (15.78) 


However, this is automatically fulfilled since [because of (15.71a)], (15.71b) and 
(15.75a) combine to form 


moc" = hiqny™ = hry, (Oy — A4y*) = iy Ob", 


which is just the Dirac equation for each Lorentz component of ~"(x). Furthermore 
from (15.75) it also follows that 


(iy -O — moc) b""(x) = 0, (15.79) 


so that the validity of (15.78) has been proven. Thus the equations of motion for 
the spin-3 field reduce to the Dirac equation for the independent vector-spinor field 


(iiy-O-—moc)w*(x)=0 , (15.80a) 
together with the four constraints 
ywix)=0 . (15.80b) 


The “gauge” condition (15.76) can be derived by multiplying (15.80a) with y, to 
give 


0= (iy yO” = moCY,) we (x) = 2ih ne = $Wwu) OV" (x) 
= 2ihO,p p(x), 


so that this is not an independent relation. The equations (15.80) are known as the 
Rarita-Schwinger equation.® They can also be combined into one single equation, 
namely 


[Gihy - 8 — moc)gur — FiO, + Buy) + Fyuliiy - O + moc)y] 
a ae (15.81) 


since multiplying this equation by y" yields 

(ZihO, + tmocy,) v(x) =0 , (15.82a) 
whereas the application of 0“ results in 

[y - 8 (FiO, + tmocy,) — mA] YX) =O. (15.82b) 
Inserting (15.82a) into (15.82b), then because of mo # 0, it follows that 

AWE) =0 , 


° W. Rarita, J. Schwinger: Phys. Rev. 60, 61 (1941). 
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and thus (15.76), and (15.82a) are equivalent to (15.71a), i.e. 
pv") = 0 


With these two conditions (15.81) immediately reduces to (15.80a). Combining the 
four four-spinors ~*(x) into a 16-component spinor 


wp? 
a0 
yy 
one can write (15.81) as 
(iha,d” — Bmoc)x(x)=0 , (15.83) 
where the 16 x 16 matrices @ and a, have a Lorentz index as well as a spinor 
index: 
(Gy )yr =! WOnr — FYuGvra — WIA) — FDIw (15.84a) 
Oe Gan = a we (15.84b) 


Each element of these matrices with the indices jz, \ is a 4 x 4 matrix in the spinor 
indices. Now one has the equation 


Bur (o*, a yy) = ne — wy) By = Juv; (15.85) 
from which it follows that the matrix @ has an inverse, 

(B-') 4 = Iu — WW - (15.86) 
Using 


(yuo = (87 'av) ,, = (B7") ,, (uo 
= (9ur — Ya) [W9%0 — $1 (Que — We) — $09] 
= WOpe — ¥Yu(Qve — We) — 40 9pv 
— Wie w + tue — Wo) + Fw We 
= WGno + Ive — ls Yo} — ¥%oIuv + Fp Wwe 
= Whe — WnGve — VoGun Fo: (15.87) 


Equation (15.83) takes the so-called Fierz—Pauli-Gupta form 
(iAT,,0" — moc) x(x). (15.88) 
Here the matrices I, obey the commutation relations 
(GL - gu) Ty = 9, (15.89) 
(P) 


where > /,p) implies a sum over all possible permutations of yz, v, A and o. 
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16. Lorentz Invariance 
and Relativistic Symmetry Principles 


16.1 Orthogonal Transformations in Four Dimensions 


We consider the four-dimensional space with coordinates x,, (u = 0,1,2,3), which 
— assuming the most general case — may be complex numbers. The absolute value 
of the position vector is given by (summation convention) 


S = SGuvX¥xX” = \/xpx , (1621) 


and the length s can also take complex values. Examining an orthogonal transfor- 
mation a,,,, which relates each point with coordinates x,, to new ones x’#: 


oa xt, (16.2) 


the absolute value should remain unchanged by this transformation (this is the 
fundamental, defining condition for orthogonal transformations), i.e. 


s’ = [xix = ./xyxe=s . (16.3) 


From this relation x/"x',, = a" gay"XoX; =X°Xzg it directly follows that 
Besa 0 {o,7=0;1,2,3) , (16.4) 


implying that the a,,, generate a linear orthogonal transformation. Equivalently to 
(16.2) and (16.3), (16.4) can be envisaged as a defining equation for orthogonal 
transformations: Sequential application of two transformations gives 


Pet i eek 10 GX (16.5) 

where the transformation @”, again represents an orthogonal transformation, since 
V Q0 / Vv ilo {23 — Ae tae seme Sf Ue 

eae p= a oa, a" <a p= 6" a, 6 5=6 og. : (16.6) 


Thus the orthogonal transformations a”, form a group. The unit element of this 
group is given by a,,” = 6,” (the identity transformation) and the existence of 
the inverse elements follows from (16.4) (a:a~! = 1). Accordingly all conditions 
characterizing the group structure are fulfilled (the associative law is also valid 
because the transformations a”,, are linear and orthogonal). 

This group of homogeneous, linear transformations that keep the distance be- 
tween two points invariant is called a group of the four-dimensional, complex, or- 
thogonal transformations. In analogy to the three-dimensional group O(3) we use 
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the compact notation O(4) [more precisely, O(4, C) because this group is defined 
over the field C of the complex numbers]. 

At first a,,, has sixteen components; however, due to the ten orthogonality 
relations (16.1) only six independent (complex) parameters remain. Additional re- 
strictions for the a,, yield the subgroup of 0(4,C): Let us assume all x, to be 
real, then the same must hold for all a,,,. We are led to the real four-dimensional 
group O(4,R), whose group properties follow from those of O(4, C). 

Furthermore, we may consider the case that the coordinates entering the scalar 
product of two vectors may occur with different sign, eg. 


ds* =r? de> = dx? di* 


The orthogonal group keeping this line element invariant is called O(3, 1). (In 
general the group O(p, q) leaves a bilinear form —x?—xj —...—xp +x} 4) +...4%3 44 
invariant.) This non-symmetric expression for the line element can also be treated 
in the framework of O(4,C), if one does choose the coordinates x;,x2,x3 as real 
and the coordinate x9 = it as purely imaginary — the corresponding space being 
called Minkowski space. In that case the transformed coordinates x’, must also 


have the same properties, which yields for the elements a,,_: 


Aix (i,k = L273) } real 
ao0 
ao;,49 ( =1,2,3) imaginary . (16.7) 


The group, whose elements are restricted by the conditions (16.7), is called the 
homogeneous Lorentz group L of the Minkowski space, and the elements are given 
by the Lorentz transformations. 

Further subgroups already known to us can be obtained by the restrictions ajg = 
ao; = 0 and doo = 1. The group with these properties represents the complex, three- 
dimensional group O(3,C) [O(3) and O(4) always means O(3,C) and O(4,C), 
respectively]. For real x, we are led to the real, three-dimensional group O(3, R). 
In the foliowing we shall discuss the groups O(4) and L in more detail. 


16.2 Infinitesimal Transformations 
and the Proper Subgroup of O(4) 


First we write down an infinitesimal element of O(4): 
Gy =O, aie,” (lee |< 1). (16.8) 
The transformation of x” then reads 
x” =wa",,={6",4+6" pee, (16.9) 
from which, according to the orthogonality relations for ay’, it follows that 
GQ, a" o = 6’ gi={bneeen | eee! 
= bgO >. + bee" o tap Ors +O) 
=O, +e go 4 OR 


16.2 Infinitesimal Transformations and the Proper Subgroup of O(4) 


In order to satisfy the orthogonality relations at least up to terms of the order O(e?), 
pee (16.10) 


must be valid. Since 


Ba 9 ea, ? aP = Oe ’ 
we also obtain [in view of (16.3)] €9, = Ego, i.e. the infinitesimal quantities Euy 
have to be antisymmetric. In accordance with our result obtained previously, this 
implies that there exist six independent parameters of an infinitesimal transforma- 
tion. In the case of O(4) the ¢,,, are arbitrary complex numbers, while they are 
all real for O(4,R). As already mentioned before, the group parameters of L ex 
(i,k = 1,2,3) are real and €j9 = €o; are imaginary. 

In order to construct generators of O(4) group transformations we rewrite (16.9) 
as 


oe t+o,0) jar , (16.11) 


where a, denote the parameters of the transformation. In order to understand the 
meaning of the (/ re let us have a look at the transformation of a vector with 
components A°: 


fe Peay” 


D®, stands for the transformation matrix dependent on the parameter a;. Expansion 
of the matrix elements for small a; yields 


OD? 
ey oO oa ' 2 o 
A (4 ae ( Bei ) a + O(a ) re ee (16.12) 
and comparison with (16.11) shows that 
& OD” 
Fy) — tu 
Coen ( Bak 7 (16.13) 


is valid. Such a Taylor expansion about the identity transformation (a; = 0) is only 
possible if the D”,, are continuously differential functions of the parameters a;; 
however, this is the essential condition for a group to be a Lie group, and since all 
groups considered in the following are Lie groups [Loreniz group, O(4), O(4, R), 
...], the improper Lorentz transformations will be excluded from this discussion. 
In our case the parameters a,;, stand for the infinitesimal quantities €°,, which 
means that s is the short-hand notation for two indices (s — geo). Accordingly the 
infinitesimal operators (generators) (Og » have to be characterized not only by s, but 
by two indices g, o. In order to avoid confusion and to distinguish between four- 
dimensional matrix indices and generator indices, we write the latter in brackets! 
and rewrite (16.11) as 


! Note, this notation appears somewhat different from the one used in Chap. 3 [e. g. (3.44)ff]. 
It is assumed that the reader will be able to establish the connection without major prob- 
lems. 


39] 
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pie (* 4 5 eee @”)"*) xh (16.14) 
ce 


Since we sum over g and ga, each term is counted twice. For this reason we have 


to multiply the sum by the factor 1/2. In view of the antisymmetry of €),, we 


also choose (7 Ya to be antisymmetric with respect to the indices @, o. Parts 


symmetric in 9, o would not contribute when contracting with the antisymmetric 
Ego. Thus we obtain six infinitesimal operators (7 S haan the generators of the 
orthogonal group O(4). Comparing (16.14) with (16.9) we are led to a defining 


equation for ”,,: 
J fig (0) ey 
5 dv eae (ly) = ey (16.15) 
co 
First we lower the tensor index v: 
1 ey \(oe) 
2 7 oeGry (Pu) °° = Grey = ern 
g,Q 


or 


respectively. Since the sum over @ and o only contributes for 9 = ys and o = 7, 
then it must terminate. Accordingly an ansatz for a solution of (16.15) must look 
similar to (I) = g7,,g°v. Taking into account the antisymmetry with respect 
to ps, v, it follows that 


; (aQ) “ (7) : 
a = ot gbe ogee (- 1) as, (16.16) 
and the antisymmetry with respect to 0, 9 also becomes obvious: 
= \(cQ) = (00) 
(hn) =~ (hav) (16.17) 


With the aid of the relation g4) = g’” go, = 6" we can directly denote the matrix 
representation of the generators, e. g. 


A (10) 
) = 9) 1G vane 0 OO oe 


SS) et 
ae ce 
Sao © 


Syooe 
So oe 
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Furthermore, 


8) 
) 


Gib = 00 = guna = 


A 


Co) = 9 pG'v — g vg" i= 


ee = GG’ v =7 9 b= 


Ce) gig) —os, = 


Now the commutation relations of ( 


[lays Caw)? 


0 O 0 0 0 
eo 0 100 0 
Pie =—1 0°70 0 
oO 0 0 0 0 
oO» 0° 0-0 
& 0 2071 0 
0 -1 00 
DG 0 0 
COO 0 0 
aie 0 eo 
7000. 0 0 
OO O50 0 
(13) 
=~ (hw) 
Analogously we get 
> (2) se (13) a 
Gav) s uv) | = — Ew 
= \(13) se \(21) Py 
itz) ’ (uw) ie meee Caw 


[anys Caw) ] == Cn) 


sal 
i 


| 


ceoocooocoq°oce$o 


Leyes 


SoS 26 


Soo © 


Sea SS >) (SS) (S) 


SS) tS) (=) 


Soc 


QS oe Se) 


SECS 6 


ee > & 


meooooo oc So 


Seoe 
| 
—= © 


Sao oeaeSs SSS ee ae 
Soom See See See ee eS 


can be easily verified: for example 


0 Op C 0on0 
0 00-00 
1) SS or (6 aii an 
0 O00) 21-20 
0 0: 886.0! <0 
Only 25 0A meOn Oe al 
OL a hOn 0s 0eRO 
0 = TOG 


(16.18) 


Bos 
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= (20) z (30) e (2) 
[ee » (Tu) [= ~ (luv) ’ 
[law)s Cw) | = = Cun)? (16.19 


(There are nine further commutators left, but they appear rather seldom in appli- 
cations.) All fifteen commutation relations can be summarized within a single one 
(for the sake of more clarity we omit the tensor indices ys and v and note only the 
parameter indices o and g; we also drop the brackets ( ) on the parameter indices) 


ee 68 t  o e eed ted (16.20a) 
or, if the parameter indices are lowered, 
[fap 15] a= —Goyl ps ee Jas! ay Bre Ipylas an 9B6l ay : (16.20b) 


These equations represent the Lie algebra of the group O(4). It is convenient to 
introduce six linearly independent combinations instead of 17° (k,/ = 1,2, 3) 


FO = 1 (FH + 9) 
pO sit! — 7) , (16.21) 


where i,k,/ are cyclic permutations of 1,2,3. From (16.20a) the commutation 
relations of /‘+), ['“ are derived as 


[PO RO) = PO 

eye eee ore 

fH FO] =0 , 

ee =1,2,3 cyclic . (16.22) 
Since /‘ and 7‘ are not hermitian, we introduce the hermitian operators 

OVS, Weel (16.23) 
Then, it follows from (16.22) that 

i i = iJ 

[FO PO] aio 

FH, OO] =0 , 

ike 2,3 Cyanc. ; (16.24) 
By introducing i’ we have constructed two 3 x 3 matrices from the 4 x 4 
matrices 1°°. Consequently we have left four-dimensional space and moved to a 
three-dimensional subspace, where /‘“*) are the infinitesimal generators. Therefore, 


each four-dimensional transformation can be performed by combining appropriate 
transformations on the subspaces. Because of (16.21), one has 


FH AaPHO LPO and JO afin —jio 
i,k,l=1,2,3 cyclic , (16.25) 


and the J+) are the generators of the three-dimensional subgroup of O(4). As 
(16.24) shows, they obey the same commutation relations as the angular momentum 
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components L,, ks and L,; hence they are generators of an O(3) subgroup. Since 
we have selected two three-dimensional subspaces of the four-dimensional space 
with the operators / i) and I‘), the reduction from O(4) to O(3) yields six 
operators J‘) (j = 1,2, 3), — of three. This point will later on be studied 
more rigorously in connection with the spin, but for the moment we want to get 
a more intuitive understanding of the meaning of the parameters €”,, in the case 


of the real rotation group O(4,R). To do this we choose e!, = —e?, = € and all 
other e”,, = 0. The components of the transformation (16.9) then read: 

=. 

eo aa 

pene el 

oa (16.26) 


In fact this describes a rotation about the infinitesimal angle € within the (x! — x?) 
plane, i.e. €'2 represents a rotation angle; hence (/”,,)"” is the operator which 
effects infinitesimal rotations in the (x! — x?) plane. Therefore we can say, in 
general: €,,, is the rotation angle about two axes” x, and x, which are perpendicular 
to the wv plane and, in addition, the wv plane remains unchanged by this rotation. 
All infinitesimal rotations of the group O(4) are rotations in the six planes: 


XX2, XQNZ, X3X1, X1%X0, X2X0, X3X0, 


The situation is different for the Lorentz group L of the Minkowski space (xo = ict). 
Here €)2, €23 and €3; are real and have the same meaning as in the case of O(4, R); 


but €19 and €9; are imaginary (€19 = —€o = ie): if all other €,,, vanish, we have | 
no tex ax? 
eax ies, 
x2 ax? 
ore Xe : (16.27) 


This is no rotation, but an infinitesimal special Lorentz transformation along the 
x! axis, which becomes clear if we look at this Lorentz transformation in more 


detail: 
xo = 43 4 x°) ; 
ae 
a 
vu 
x0 =v (-i=x! +x°) ; 
c 
where 


* This is just a manner of speaking analogous to that describing rotations of a plane in 
R°.Mathematically it is not correct only that ¢,, causes a rotation of the plane spanned 
by the yz and the vy axes into itself. 


396 


16. Lorentz Invariance and Relativistic Symmetry Principles 


In the case of the two coordinate systems v/c = € < 1 this yields the result 
(16.27); hence €19 represents the ratio of the relative velocity and the velocity of 
light, and (7”,,)" is the operator which effects a special Lorentz transformation 
along the x! axis (Lorentz boost). The parameters €99 and €39 and the operators 
FY ,,)@ and (f”,,)° have analogous meanings. 

By multiple application of the infinitesimal rotation we can perform a rotation 
about the finite angle €)2: 


: vy \(7e@) 
eI ue +H (32 da frell a x" 


x =o (2) deen (iy ) aa (16.28) 


i.e. in the case €1) # 0 and all other ¢,,, = 0, we have 


btext) {e12 (a) ; (16.29) 


Here we should note that there exist transformations in O(4) which cannot be 
achieved by infinitesimal transformations (i.e., the space and time inversions). 
Such examples will be discussed later on. 


Remark. If all group elements can be created from the unit element by infinitesimal 
continuous variation of the parameters, then the group is called connected [O(4) is 
not connected!]. 


16.3 Classification of the Subgroups of O(4) 


Now we want to study the properties of the group O(4) more rigorously. To that 
end we consider an arbitrary transformation @ = [a”,,]. The orthogonality relations 
read 


Qa eos (16.30) 


or, in abbreviated notation, 


Qo 


a ie (16.31) 
where r denotes the transposed matrix. Therefore, for the determinants it holds that 
det(Ga) = deta - deta = (deta)? =1 , 
which implies 
deta = +1 . (16.32) 


Transformations with determinants +1 are called unimodular: the group O(4) and 
its subgroups are therefore unimodular. By classifying the elements into those with 
deta = +1 and deta = —1, respectively, O(4) is divided into two parts. First 


16.3 Classification of the Subgroups of O(4) 


we consider the group O(4,R): The part with deta = +1 is denoted by S0(4, R) 
(SO for special orthogonal transformations). Besides the identity transformation, 
it contains all infinitesimal transformations (det(6”u + €”,,) = +1), i-e. all finite 
transformations which can be assembled by these infinitesimal transformations be- 
long to the group SO(4, R) (proper four-dimensional rotations). A typical member 
of the other part of O(4, R) with det@ = —1 is the coordinate inversion 


cea OR! 1 = 1,9) 3). (16.33) 
Since 
Do oO 
poppe 1ee0. «0 
ZO a0m=1 
eG = 0 =a 


this transformation belongs to the group O(4, R) (all a”, are real) and it cannot 
be decomposed into infinitesimal transformations. Furthermore this second part 
of O(4,R) is no group, because it does not contain the identity transformation; 
but, together with the SO(4, R), it does make up the whole group O(4, R)! [These 
statements are also valid for the O(3,R).] To study the properties of the Lorentz 
group L in more detail, the situation is more complicated because, in addition to 
det @ = +1, we find with the orthogonality relations that 


0 0k 0,0 
ay, ao =a, ao +a ao=1 


Since a*g is imaginary, it holds that a,°a*g = —|a°|* and consequent 
ginary k q y 


ey)’ Swe |g," |? > 1 


aoe | of a <1. (16.34) 


Thus the Lorentz group can be split up into four parts, namely: 
Part I or Be :det@ =+1, ap? >1 (orthochronous LT) , 
Part II or L! : deta = —1, a° >1  (orthochronous LT), 
Part WI or Lt: deta = —1, ap? < —1 (antichronous LT) , 


PartIV or Li :det@=+1, ao? <—1 (antichronous LT) , (16.35) 


Part I is named the group of proper Lorentz transformations. It includes the unit 
transformation, infinitesimal transformations and their iterations, i.e. all spatial 
rotations and the special Lorentz transformations of the Minkowski space. 

In the following we shall denote Part I by Lp (p = proper). Lp is a subgroup of 
L. On the contrary Part II or L' is no group, and a typical representative member 
is again space inversion. [Thus everything mentioned in connection with O(4, R) is 
valid.] Together with Lp, i forms the so-called full Lorentz group L¢, which is a 
subgroup of L. It includes the unit transformation, space rotations, special Lorentz 
transformations, space inversion as well as an combination of all members. 


BOF, 
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The basic element of Part III is time reversal 
x" =x! @ =1,2,3) , 


poe! (16.36) 
that is 
=| @ @) @ 
ieee Oe 6 
|) Oe ee 
0 @ © 1 
deta7 la, a°9 =—1 


However, L! does not form a group because this part does not include the unit 
transformation. The same is true for Part IV, one example being the total inversion 
of Minkowski space: 


5 aia eae (feo he) Me) ae (16.37) 


jt is not a group, either. 

Together with Ly, Li and i form the so-called extended Lorentz group. Be- 
cause Lr (full Lorentz group) does not change the sign of the zero component of a 
time-like vector, it is frequently denoted orthochronous Lorentz group. 


16.4 The Inhomogeneous Lorentz Group 


The inhomogeneous Lorentz group L keeps the distance between two points of the 
Minkowski space invariant, and the transformation of points x” of the Minkowski 
space by L has been given by x’” = a’,,x". We now drop the requirement of 
homogeneity and use the transformation 


a tei (16.38) 


It can be seen that the term (” cancels in the expression for the distance be- 
tween two points, i.e. (16.38) also keeps the distance between two points invariant, 
whereby the orthogonality relation a,,”a", = 6,” holds once more. [Of course, 
the transformations (16.38) do not keep the length of x” invariant.] Furthermore 
B° has to be imaginary and the (' (i = 1,2,3) have to be real and obviously the 
8” characterize space-time translations. The transformations (16.38) form a group, 
the so-called inhomogeneous Lorentz group or Poincaré group P. 

Like the homogeneous Lorentz group, P also disintegrates into four parts, e. g. 
the proper inhomogeneous Lorentz group [the group theoretical expression: SO(4) 
corresponds to ISO(4); I for “inhomogeneous”’]. 

P has ten parameters (six independent a” ,, and the four components of 3”). The 
subgroups of P are the homogeneous Lorentz group L and the four-dimensional 
group of translations S, whose elements are given by (x”)’ = x” + 8”. Because the 
transformations do not commute with the homogeneous Lorentz transformations, 
the group P is not the direct product of L and §, i.e. 


a” (Xe 338°) ao eee (16.39) 


16.4 The Inhomogeneous Lorentz Group 


We now consider the translational group and first look for the infinitesimal gener- 
ators of the transformation Be (o = 0, 1,2, 3). The infinitesimal transformation is 
analogous to (11): 


pov = (14 etPe) ¥ (16.40) 


The €® are the infinitesimal transformation, i.e. x’? = x + €? (|e2| < 1), though 
because of (16.12) we have 


6] 
px!? = Px? + €%) = h(x’) + apes ao!) 
Comparison of (16.40) and (16.41) yields 
A ee) 
Pp, = lire (16.42) 


which are the generators of the infinitesimal translations. As in the case of non- 
relativistic quantum mechanics, the momentum operator is connected with space 
(time) translations. Each finite translation can be generated by iterative application 
of (16.42), i.e. according to (16.28) and (16.29) the unitary operator 


0 = exp Fan (16.43) 


is the relativistic translation operator. 
The translational group S is an abelian group, because 


(eye! —0 (16.44) 


However, Pp, does not commute with the generators (7 ‘d a (16.13) of the ho- 
mogeneous Lorentz group and therefore does not commute with the invariants 
constructed with J‘) and J‘), though it is possible to show that the operators 


A A a 1 a Vv 
=P,P* and Wy =5 See (16.45) 


commute with all 7% and P,, ice. Pe and W) are the invariants (Casimir op- 
erators) of the Poincaré group. For a free particle we have P“P,, = méc?, the 
particle’s mass, and the operators W, are connected with the spin of the particle, 
as will be seen later. Obviously the Casimir operators provide all quantities (mass, 
spin) necessary for the description of the free particle, which is the reason for the 
great importance of this group in modern elementary particle physics. 
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16.5 The Conformal Group 


In the preceding section we have seen that the generators of the physically impor- 
tant Poincaré group are given by the six generators of the homogeneous Lorentz 
group (/”,,)°” and the four generators P,,, of the space-time translations. The 
Poincaré group can be extended to the 15-parametric conformal group of the four- 
dimensional Minkowski space, by considering transformations that keep the light- 
like line element ds? = (dx®)* — (dx!)* — (dx?)* — (dx3)? = 0 invariant. That is, the 
conformal transformations include changes of length, but keep the angle between 
two vectors invariant (hence “conformal mapping”); thus we have to add five more 
generators to the ten generators of the Poincaré group. The first operator is that of 
scale transformations or dilatation D and it yields the transformation 


yor a > 0). (16.46) 


The four remaining generators ee create the so-called proper (special) confor- 
mal transformations, which change the length scale point by point, thus forming 
position-dependent dilatations. These transformations can be written as a product 
of an inversion 1: 


2 
we k iP 
(xp x”) 
a translation T: 
yay gh. (16.47) 


and a further inversion I): 


k2 
pi Pu 


(ex ne) ? 
All together, this yields the special conformal transformation K = 1,T/;: 


le ns : 
= ay with (16.48) 
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o(x) =1—2a’x,+a7x? and 


2 
a*=aya” , x? =x, x" 


For the conformal group we get a total of fifteen infinitesimal generators: 


App Wea) 
(i’,,)”  : six generators of the Lorentz group generators of the 
P,, : four generators of the translational group 


Poincaré group 
D : one generator of dilatations 


K* : four generators of special conformal transformations. 


16.5 The Conformal Group 401 
a ag em gee 


It is possible to give an explicit representation of D and K p, by 


A 0 
Ds ix 
= OxY 
a Vv O D O 
K, =i Gz Pr = a) (16.49) 


Furthermore, one may calculate the commutators of D and K » with the remaining 
generators of the conformal group by help of the explicit representations (16.16), 
(16.20), (16.42) and (16.49): We find 


[cree =aiRpeen 

Pik | = 2i (Gub = ie) . 

Oa | = (0) ; 

[D, Ku] a iK,, ’ 

[ | =0 , 

[er ee ae (9%°K. = 9°’ R,) : (16.50) 


The importance of the conformal group is based on the fact that, e. g., the Maxwell 
equations without sources are not only Lorentz invariant but also conformal in- 
variant! However problems do occur in the discussion of the Maxwell equations 
with source terms or of equations of motion for massive particles: Because of 
mac? = P,P and 


pon py eae eb =P pe , (16.51) 


the rest mass is not invariant with respect to dilatations, i.e. equations of motion 
like the Dirac equation including a mass term are not conformal invariant. An 
exact symmetry of dilatation is thus only possible for a continuous mass spectrum 
or vanishing mass. 


HO CA 


16.1 Transformation Relations of the Rest Mass Under Dilatations 


Problem. Show the validity of (16.51) with the help of (16.50)! 


Solution. Use 2 i = iP For any given A and B the Champbell—Hausdorf 
relation holds: 


cae fA A 1 A A 1 a OK in 

e “Bet = B + —(B,A] + = [[8,A1,A] +... (1) 
In our case we have A = —i9D and B = BP, so that 

[B, A] = —i¢ [P,,P*, B) = —i0 { [P,,D] P* + B, [P*,D]} 


= ~i9 {iP P* +iP,P*} = 20P,P* = 208 , (2) 
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Exercise 16.1. 


i.e. the multiple commutators in (1) always reduce to [B,A] = 20B. Thus it is 
possible to write down the series in a closed form and perform the summation 


“An A A san a A A A ] A aA 
cl p Pree — p pt + 20P,, PH + 5 (28) PPO +... 
= P,bH (14 7 + 508 +...) 


— 2205p pie 
=e "PP 


16.6 Representations of the Four-Dimensional Orthogonal 
Group and Its Subgroups 


In this section we consider only the homogeneous proper groups. 


16.6.1 Tensor Representation of the Proper Groups 


We consider a linear space of dimension 4”. One element or “vector” of this 
space has 4” components, which is denoted by Wy, ,y5,..,u, With indices 4, equal 
to 0,1,2,3. In the case of the group SO(4, R) all components are real; however for 
Ly all components including an odd number of indices “O” are imaginary, all the 
others being real. [This will become clear at once by taking into account the law 
of transformation (16.52).] First we look at a proper transformation x” — x/” = 
a” ,x” of SO(4, R) or Ly. Here w should transform like 


/ 
Wit Vie, Aus 3 2a, A, (16.52) 


and the identity transformation reads 


Vie ae OMe Oy, Op, A ee (16.53) 


Because of the orthogonality relations for a,,” the transformations (16.52) form a 
linear transformation group in 4” dimensions; thus we have found a connection 
between the group SO(4,R) (of L,) and the linear transformation group in 4” 
dimensions (mathematically: an isomorphism). 

Hence one says: The transformations (16.52) form a 4”-dimensional represen- 
tation of the group SO(4,R) (or L,). The elements of the 4"-dimensional repre- 
sentation space we shall name tensors of rank n, and the tensor transformation has 
the form 


Vav,.e aa WD eae = Oj ape soe Gee Woe ui : (16.54) 
A tensor of rank 2 accordingly transforms like 


Vw = a, aa Won : (16.55) 


16.6 Representations of the Four-Dimensional Orthogonal Group and Its Subgroups 


The most simple representation is the one without indices, the scalar representation, 
where the transformation obeys 


ypow=yp . (16.56) 


The next possibility is for n = 1, i.e. in 4 dimensions: 


3 
Vu ay Vi, = a ve . (16.57) 
=0 


This is the vector representation. Since the group SO(4,R) is four dimensional, 
the 7, are just the self-representation of the group: we denote the quantities w,, as 
four-vectors. The next representation is the tensor representation of rank 2, which 
is 42 = 16 dimensional. The behaviour of this transformation follows 


Dw “4 We, = Ge teas : (16.58) 


We can also interpret this as follows: The tensors ~,, can be written as a 16- 
component vector in representation space, using the transformation law (16.58), 
as 


ty =An“ tm (M,N =1,...,16) , (16.59) 


whereby the 16 x 16 matrix Ay™ is built up of the corresponding a,” . Symbolically 
we can write this as A = a@a. The components of a tensor of rank 2 thus transform 
like the product of two vector components. In general, tensors of rank n transform 
with the 4” x 4” matrix: 


A=4@484®...@4 , 
—_— 
n factors 
i.e. the components transform like the product of n vector components. Hence we 
conclude: 


All tensor representations of the groups SO(4, R) and Ly can be reduced to the vector 
representation (they are reducible). Only the scalar and the vector representation 
are irreducible. 


16.6.2 Spinor Representations 


First we consider the representations of the group SU(2,C), i.e. the group of 
two-dimensional unitary, unimodular transformations: 


uy = au, +bu. , uy=cuy+du, . (16.60) 
Because of unimodularity 


a b 


ys alae (16.61) 


det = 


and because of unitary 
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gia (2 Se | ee 16.62 
u aC. o) =a € °) ( ) 


must hold; therefore d = a* and c = —b”, i.e. 


a { ee 16.63 

(i) = (et ot) (a) < 
and (16.61) becomes 

aa“ + bb* =|a/?+ |b? =1 . (16.64) 


The group elements are the unitary, unimodular matrices 


n= ( " . ; (16.65) 


=p" va 


and the group has three real parameters: the complex numbers a and b minus the 
condition (16.64). These are called the Cayley—Klein parameters. 

The elements of the complex linear space which have the transformation be- 
haviour (16.63) are called elementary (or two-component) spinors of the three- 
dimensional space [SU(2) is an isomorph to SO(3, R)]. 

We consider the linear space of monomials (a monomial of degree v is an 
expression of the form: x*y?...z°, where a +b +...c = v) of degree v: 


Pee ae (16.66) 


(e.g. Po = uy, Pi = ue" uo, etc.), where v and k are integers andO < k < v. 
For a given v there are v + 1 monomials of the form (16.66), i.e. the space is 
(v + 1) dimensional. It is also the desired representation space of the group SU(2). 
Applying the transformation M on P;, one notes the following: 


1. Because of the linearity of the transformations, application of the M results 
once more in P;’s, or linear combinations of P,’s. 

2. The product of two SU(2) transformations has the same effect on P;, as the 
single transformations applied to P;, one after another. 

3. The identity transformation of M with a = 1 and b = 0 corresponds to the 
identity transformation P, — P,. in representation space. To the matrix M 
corresponds a (v + 1) x (v + 1) matrix in representation space. To find this 
matrix, we apply M on P,: 


Pi = (am + bug)’—* (—b*u +a"m)* (16.67) 


Obviously it transforms according to 


P, = > Dyuf'u, = Y) DuP, (16.68) 
iO 1=0 


after ordering according to monomials of P;, in (16.67). The matrix elements Dj; 
of the matrix D [a (v + 1) x (v+ 1) matrix] depend on the parameters a and b of 
the transformation in SU(2). 


16.6 Representations of the Four-Dimensional Orthogonal Group and Its Subgroups 


It is advantageous to introduce the abbreviation j = v/2, whereby j = 0, 
It is advantagous to introduce the abbreviation j = v/2, whereby 7 = 0, 1/2, 
1, ...can assume all integer or half-integer values. We denote the representation 
which we have constructed this way by D’, where D; = {...D/ (M).. .} is the set 
of (27 + 1) x (2 + 1)-dimensional matrices which depend on the parameters of the 
SU(2) transformations M. The corresponding elements of the (2j + 1)-dimensional 
representation space are called spinors of order 2j of the three-dimensional real 
space. 

The most simple representation is D®: All elements M of SU(2) have as their 
image the number 1, and the representation D'/? is SU(2) itself: Py = u1, P = uo 
are the two components of the elements of representation space, higher represen- 
tations being obtained analogously. 


LLRs) >See ee a 
162 D* Representation of SU(2) 


Problem. What does the D'(M) representation of SU(2) look like? Give the matrix 
D'(M) in the case of 


a a b 
a= (tS) 


Solution. D! operates on three-dimensional space since there are three components 
of representation space: 


2 Be) 
Po=uy , Py=ujw , Po=u , 


and, additionally, v = 27 = 2. With (16.67) and (16.68), it follows that 
Z k 
Py = So DuPi = (am + bun)’ (—b*u +a*u) , 
1=0 


iL, @ 
eb) +D +D 
Po 00} 101 4 U2 02U> 


= (au, + bu.) = ais + 2abu;u2 + b*u3 ; 


Pi = Dyou? + Dy, uyu2 + Dy2us 
= (au; + bur) (—b*u; + a*u) 


= = ab aa -- (aa* — bb*) uju2 + a* bus , 


oh 
PS = Dau? + Da uyu2 + Dr2u3 
2 


2 2 
= (—b*u, +.4*u)° = bu? — 2a*b* uu, + a**uj 
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Exercise 16.2. 


Comparison of coefficients with 


ea Do Doi Do2r\ (Po 
P; = Dio Dy Di2 P; yields 
Lies Dy» Dy Dy P» 


a? 2ab ib? 
D'(M) = (a (aa* — bb*) “| 
b*2 —Ja*b* a*2 


One can now show in a lengthly algebraic proof that the representations D/: 


(a) are irreducible, i.e. there is no representation D/' which could be built up from 
D?, with jo <j,; and 


(b) the D/? represent all possible representations of U (2). 


16.7 Representation of SL(2, C) 


The group SL(2,C) is the group of the linear complex 2 x 2 matrices with the 
determinant +1. We consider now the four-dimensional unimodular group SL(2, C). 
The transformations are, analogously to SU(2), given by 


uj =au,t+bu. , us=cu,+du, . (16.69a) 
The only restriction now is the unimodularity 


a b 
d 


[The unitarity drops in the case of SL(2, C).] 

Since SL(2,C) is isomorphic to Ly, we denote the elements u = (u1,u2) of 
SL(2, C) as two-component spinors of Minkowski space. 

The complex conjugate transformation to (16.69a) reads 


detM = 


| See (16.69b) 


uj =ayujt+b*u, , u,=c*ujtd*us , (16.70a) 
with 
det M = < ee a eb cl (16.70b) 


The dot on the components (e. g. uj, us; etc.) denotes complex conjugation. Because 
of the independence of a and a®* etc., the elements 4 = (uj, us) behave differently 
under transformations to the elements u, i.e. the group has six real parameters 
[between the four complex coefficients a, b, c, d there exists only the one complex 
relation (16.69b)]. Thus the representations split into two groups: The spinors u, 
to which belong all matrices M, and the dotted spinors %, to which belong the 
matrices M. Correspondingly we construct the monomials analogous to P; in the 
spinors of degree v and in the dotted spinors of degree v’ as 


Pal 4) ay eedeae (16.71) 


16.8 Representations of SO(3, R) 


Altogether the monomial (16.71) has the degree v + v’, e.g. one has 


vv vv —l 


Poo = 4; ua, Po = 4; uy U2 , 
ee UA v-1_v/-1 
Pip = uy, Wu. , Pyu=4u, UU; Unus , 


and since k,k’ are integers, then 0 < k < v andO <k’ < v’. For fixed v and v’ 
there are altogether (v + 1)(v’ + 1) monomials, i.e. the representation space has the 
dimension (v + 1)(v’ + 1) and the monomials (16.71) span this representation space. 
Now we again introduce j = v/2 and j = v'/2 and denote the representations by 
D! , where j,j’ = 0, 1/2, 1, 3/2, 2.... The representation has the dimension 
(2j7 + 1)(2j’ + 1) and its elements are called spinors of rank (2) + 1)(2j' + 1) of 
Minkowski space. Of course, the representations are not unitary. Now we consider 
the matrix form of the representation D/' = {...D/'(M,M)...}, whose most 
simple representation is D®, which is one-dimensional and yields the image 1 for 
every element. The next representation is D2°, which is the self-representation of 
SL(2, C) by the spinors u; and uz. The four-dimensional representation is based 
on the elements 


Po =u, , Po =uyu, , Pip = unui , Pry = us 


With the aid of the unimodularity relation (16.69b) one obtains analogously, for 
example for SU(2), the image of the transformation M of SL(2,C): 


aa* ab* ba* bb* 
a iil, ee GC ad aD Cammvar 
Et 6h = da adds 
ce eal Cle’ alle 


(16.72) 


The Di’ represent all irreducible spinor representations of SL(2, C) and thus also 
of L, [because of the isomorphism of SL(2, C) and Ly]. 


16.8 Representations of SO(3, R) 


The three-dimensional rotation group SO(3, R) is isomorphous to the group SU(2). 
We have seen that all irreducible representations of SU(2) are spinor representa- 
tions, and therefore this holds for SO(3, R), too. We have already constructed the 
tensor representation to SO(3, R): we now show that the tensor representations are 
included in the representations D/, starting with D', Therefore we transform the 
basis in representation space (Po, P;, P2) with the help of the matrix 


= | 
p= (-: 0 -i] 
0 2 Oo 


into 
z ie giaeke 
y=TP=4 Y2=—iPo-iP2. . (16.73) 
w= —ZP| 
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Because of P’ = D'(M)P.- [we have calculated D'(M) in Exercise 16.2], it holds 
that 


where 
D'\(M)T~! 
a’—b*—b? 4a" i(a*® +b —a?—b?) —2(ab+a*b*) 
== | i(a?-b?—a?+b*) a? +b?-a%*—b* —2i(ab —a*b*) 
2 (ab* + a*b) 2i(a*b — ab*) 2 (aa* — bb*) 
Because of aa* + bb* = 1, one directky obtains 
wi; = vi; = invariant 


Furthermore det(7D'7-') = detD! = +1 and all matrix elements are real. The 
transformation is therefore identical to the vector transformation w, — w/ = ay * We. 
Hence it follows that D! is identical to the vector representation. So one can show 
that (we don’t want to give the proof here): 


All representations D/, where j is integer, are tensor representations, while all 
representations with half-integer j are proper spinor representations. 


Now we turn to the Lorentz group. 


16.9 Representations of the Lorentz Group Lp 


The proper Lorentz group Lp is isomorphic to the group SL(2,C); therefore the 
spinor representations D4 are all the irreducible representations of Lp. First we 
consider the representation D?2, which is based on: Poo = ujUj, Po, = uyus and 
P, = u2us, these transforming with the matrix dD 23(M ,M). Because of ad —bc = 
1 and a*d* — b*c* = 1, it follows that 


—PooPi1 + PorPio = —PooP11 + PoiPio (16.74) 


With the coordinate transformation 7 = 1//27TP or P = /2T~'w, where 


01 1 0 
ac; ee |e (16.75) 
moO: 0 i 


we now introduce new axes in P space. This transformation reads explicitly: 
V1 =4(Piot+Po) , or Po =%s—-ivs , 
v= %(Pio— Po) , Pou =i —iv2 , 
%3=4(Po-Piu) , Po=Yitivr , 
va=—3(Pot+Pu) , Pu=—bs—idy , (16.76) 
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and one obtains 


1 A ] A A ——— AA a 
p= —TP' = —75227(MM)P =TD27(MM)T—'v (16.77) 


If we insert the Pi, (i,k = 0,1) from (16.76) in (16.74), we see that the transfor- 
mation (16.77) keeps 


vv, = Vudu 


invariant. 
Because the dot in Pog = uy, 4; etc. denotes complex conjugation, oer recognizes 
from (16.77) that ~1, w2, w3 are real and wW4 is complex. Furthermore 


det (7H F-") =detD?2 = detM x detM = +1 and 
me 1 dl ee 
(PDH!) =} (laP+loP + lc? +14?) 21, 


because of unimodularity. The transformation 7D22T—! transforms the Wy, in 
a manner similar to a four-vector in a proper Lorentz transformation, i.e. the 
representation D 22 is just the vector representation. The representation of the vector 
w, by the spinor components P is given in (16.76). 

We now show a relation between M from SL(2,C) and an element of Lp, 
taking as an example a rotation around the z axis: 


Xi =x cosptxmsing , 


x3 = —x,singt+x cosy , 

x, = X3 ; 

Xo = ih (16.78) 
or, equivalently, 


x3—-ing=x3-i% , 
xi —ixt =e” (x, —iz) , 
eee ee a), 
—xX; — ing = —x3— ity. (16.79) 
If we compare this with (16.76), it follows for the spinor components that 
Poo = Poo ; Pio = el? Pig } 
woe, Pi Pi (16.80) 


Comparing this with the general transformation (16.72) we find: 


aa*=1 , ad*=e , dat=e'? , dd*=1 


S 
> 
* 
S 
io) 
9 
* 
| 
S 
@ 
is 
Q 


The solution of these equations is 


a=+el?/2? | b=0 , c=0 , d=+te¥”? 
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The rotation around the z axis by the angle y corresponds in SL(2, C) or in DY 
to the transformation 


M = b?(,M) =+ Cr ) or (16.81a) 
a ’ = 0 e7iv/2 

Be ye Ve ae e—iv/2 0 

M = 0°2(M,M)=+ ( ‘ sort) (16.81b) 


respectively, for the dotted spinors. 
In analogy to this one can show, e. g., that the transformation 


~ Ge ay O 
i = DYH,M) = + (7 


corresponds to a special Lorentz transformation of the z axis, where 


1—, v 
2 ae 
vei i+ B and £ - 


; 1 1 ; 
is valid. Therefore the representations D?° and D®? are not tensor representations, 
but proper spinor representations. In general one finds for D” that 


(j +j’) integer > D’ is a tensor representation, 
(j +j’) half integer = D” is a proper spinor representation. 


16.10 Spin and the Rotation Group 


We consider a field ~.(x,,) whose components should have a distinct property 
of transformation, i.e. Wa(x,,) is a member of a representation space D"" of the 
proper Lorentz group L). If we perform an infinitesimal Lorentz transformation, 


then the change in ~,(x,,) is given with the help of the generators Ci e oe of the 
transformation (16.16) and the infinitesimal transformation €,, by 


Shap) = V0!) — baler) = beog (Pa)? halxr) (16.82) 
or, in matrix form, 
by =O (x) —) = feel OVE). 7 (16.83) 


On the other hand we can only consider the local variation of ~, not of x; then, 
we have 


Op = W(x) — VO) 


The quantities 6y and 6*~ are not independent, because x/7 = x7 + e7,x°% and 
therefore 


OX = W' (x'7 —e7 5x7) — Vx). (16.84) 


16.10 Spin and the Rotation Group 411 
Fc TN ann ie: ii ne ee lia 


Now we evaluate this expression in a Taylor series and neglect terms of second 
order, which yields 


O*p = yp! (x'7 — x7) — €7 gx O,) o 
= 6p — "6x90, (16.85) 
and therefore 
Op = hegol Op — ce’ x"OW . (16.86) 
As we sum over o, 9 we relabel the indices: 
Oeil) — 2" xhO,) ab (16.87) 
Rewriting the second term: 
eu yx" O,p = Fe" py [(x4O, + x, 0%) + (x49, — x,0")] o 
0 0, x0 yp (16.88) 


then, because of the antisymmetry of €”,,, it results that 
d*b = 4 [-e", 48, — 0") + ey I] 


Hence, for the space-like components (i,k = 1,2,3) one gets 


One a 5 [-e*; (x' Op — x,0') =F ene) bees (16.89) 
Up to the factor i// the first expression in brackets is just the angular momentum 
operator 

. ioe , 

Li.= - (x'Q —x0') . (16.90) 


The second term, i.e. (i/h)/™, is independent of the coordinates and therefore 
also of the coordinate system; thus it is straightforward to interpret this term as an 
“inner” angular momentum, i.e. as a spin. With the help of the generators we see 
that [ see (16.21-16.23)] 


8, = 2709 = APO 4.910) 
1 


5, = Faas) =o ft) 
1 

53 = Pray Sho age). 5 (16.91) 
1 


Now, the commutation relations of the SS are a direct consequence of the commu- 
tation relations of the /‘‘+) and thus of the generators of the infinitesimal Lorentz 
transformation, i.e. 


SiSe=1Sa5p = ihS3 (16.92) 


and cyclic commutations therefrom. 
Consequently the operators S; have all the properties of an angular momentum 
operator: thus for a given integer or half-integer s, 53 has the (2s + 1) eigenvalues 
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(—s, —s+1,...,s—1, s). Furthermore there exists a Casimir operator S? = 57, $7, 
with the eigenvalues h?s(s + 1). 

Using these considerations, we define the operator of the total angular momen- 
tum to be 

mik _ k _ yk ai Pvtigy _ 

M = Om ote [= LAS (16.93) 


and hence we get from (16.89) that 
§*y) = sen My (16.94) 


Thus the coefficient of the local variation of the field defines the operator of the 
total angular momentum, and we conclude: To determine the spin of the field 
w(x) we must find infinitesimal operators generating space-like rotations in the 
representation space D// ‘ which is determined by the transformation properties 
of ~. Let us now only consider the subgroup of the Lorentz group Lp which 
characterizes the space-like rotations. Furthermore we can then conclude: In this 
case also, the matrices M from SL(2, C), which belong to space-like rotations, are 
unitary [not only unimodular, and thus they do not belong to SU(2)]. To understand 
the consequences we define the direct product of two matrices A and B as 


C=-Aa@B (16.95) 
or, in matrix notation, 
Caps = Aa yBgs - (16.96) 
This definition becomes clearer in the following example: 
oe a\2 Q by, bin 
ay, ar by -ba2 
Q1b4;  ayyby2 ay2by, — ay2b12 
Q1b2)  ayyb22 ay2b2)— ai2b22 


Q21b1,; ay by2  ao2b\, — aagbi2 
Q24b7,  ag3b22 nbn, Aad) 


B B 
lee a8 ) ; (16.97) 


a2} B QB 


A@B 


Of course this operation is not commutative, i.e. 


ao 4. [ onA bi2A roe a 
poin (Sd bh) sios 


With the help of definition (16.97), one can easily derive the following properties: 


L Uhewdirect product of two diagonal matrices is diagonal. 

Pe (A+B)@C+A@C)+B eC). 

3. If A, A’ are n x n matrices and B, B m x m matrices, then it holds that 
(A @ B)(A’ @ B’) = AA’ @ BB’. 

4. IfA and B are unitary, then A @ B is also unitary 

5. t(A@B)=trAtB. 
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With the help of these definitions we are now able to rewrite the representation 
(16.72) as 
aa” ab" ba*® <bb* 
All wo ac’ a@d* be thd? | 1 fa b re ama 1 
D272(M,.M)= = 
oe) 0G soap) Wada, abe 6 7)@(4 = 
Ce* cd de? dd" (16.98) 
From this example one can conclude that this representation can be described as a 
direct product, i.e. for the matrices we have 


Di (M,M)=Di(M)@ bi (M) . (16.99) 
The matrices D/(M) and D/ ‘(M) are not identical with the matrices of the rep- 
resentation D’, D’ of the SU(2)! Of course this is only the case if the matrix 


M is unitary. But this is just the case for space-like rotations. Thus for the total 
representation space we can write: 


Di =DieD' , (16.100) 


i.e. for space-like rotations the representation D " of the Lorentz group L, splits 


up into a direct product of the representations D’ and D’ " of the three-dimensional 
rotation group, each D’ representing a different spin. Therefore, in general a co- 
variant Lorentz field 7.(x,,) does not possess unique spin representations, but splits 
up into different spin representations D’, D! .. 

First we consider the representation D’. As we have seen it is (27 + 1) di- 
mensional. In this space the infinitesimal operators which determine the spin are 
(27 +1) x (27 +1) matrices and consequently have (27 + 1) eigenvalues. Degeneracy 
does not appear, because the quantities spanning up the representation space are 
linearly independent. But we have seen that these are the 2s + 1 eigenvalues of 
the spin, i.e. the spin is given by the index j of the representation D’. For example, 
j = 0 belongs to the scalar representation D?® describing spinless fields. For the 
vector representation D! the spin has the value 1. This becomes clear with help 
of the infinitesimal operators: For space-like rotations we have: 


O10 
papi (- 0 0| 
Ons ee 


AOS!) —— an 


16.3 Vector Representation and Spin 
Problem. Show that spin 1 belongs to the vector representation 1B 


Solution. The vector representation D' is just the self-representation of the space 
of three-dimensional rotations, i.e. the spin values are given by the eigenvalues of 
the corresponding generators of the Lorentz group. For three-dimensional rotations 


this is 
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Ol 6 
pate (-1 0 | 
000 


The characteristic equation reads 


=) le 
det(?3-AN)=0 , ie. |-1 -A Of} =O0=-AN+22) , 
Oo) = 


hence A = 0, ti. Because s = (f/i)A, one gets s = (—1,0, 1)h. 
tt, a 


For the representation D?, one finds analogously, s = h/2, etc. Without proof 
we note that (16.100) can be written as a sum with the help of a generalized 
Clebsch—Gordan theorem: 


DI =) op =) hen! 3) (16.101) 


Therefore we have, for example, 


D? isa self-representation of SU(2) (i.e. of all unitary, unimodular matrices), and 
indeed, D® is a matrix of SU(2) (D?). ns 

From (16.101) it follows that: the spin which belongs to the representation D” 
iS 

half integer, if j +j’ is half-integer 

integer, if j +j’ is integer 


However, this means: the tensor representation belongs to the integer spins, the 
spinor representation to the half-integer spins. 

The described representation is not unique, which is illustrated in the following 
example: One has 


DU=Di@eDi=D'eD . (16.102) 


According to our rules D2? describes spin-1! fields. However, we see that (16.102) 
also contains scalar parts, which do not lead to spin values s = 1. To get a unique 
representation one has to introduce auxiliary fields, which just eliminate this scalar 
part (D°). Such auxiliary conditions play an important role in the quantum theory 
of the Maxwell field. 


16.11 Biographical Notes 
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16.11 Biographical Notes 


POINCARE, Henri Jules, French mathematician and philosopher, * 29.4.1854 Nancy, 
1 17.7.1912 Paris, was a cousin of Raymond Poincaré, President of the French Republic 
during World War I. Between 1879 and 1881 at the University of Caen, and from 1881 
at the University of Paris, P. worked in the field of pure mathematics (automorpheous 
functions), made important contributions to the theory of equilibrium properties of rotating 
fluids and achieved — independently of Einstein — a number of results of the special theory 
of relativity in his famous paper on the dynamics of the electron, published in 1906. 


CAYLEY, Arthur, British mathematician, * 16.08.1821 Richmond, {26.01.1895 Cam- 
bridge. C. was first a lawyer in London and from 1863 a professor at Cambridge. With 
J.J. Sylvester he founded the “theory of invariants” and algebraic geometry. By using com- 
plex coordinates C. showed that metric geometry is contained in projective geometry: with 
his projective measure (1859) he gave a new foundation to geometry which allowed the 
treatment of euclidian and noneuclidian geometry from a common point of view. He in- 
vented matrix calculus and was the first to formulate group theory (the representation of 
finite groups by multiplication tables or permutations) in an abstract way. C. also worked on 
conformal mappings, elliptic and hyperelliptic functions, the theory of differential equations, 
theoretical mechanics, the motion of the moon, and spherical astronomy. [BR] 


KLEIN, Felix, German mathematician, * 25.04.1849 Diisseldorf, ¢ 22.06.1925 Gottingen. 
K. studied from 1865 to 1870 in Bonn. During an educational stay 1870 in Paris he came 
into contact with the rapidly developing group theory. From 1871 K. taught at Gottingen 
and became professor at Erlangen in 1872, at Mitinchen in 1875, at Leipzig in 1880 and 
at Gottingen in 1886. He made fundamental contributions to function theory, geometry, 
and algebra. He was especially interested in group theory and its applications. In 1872 K. 
published the Erlanger program. When he was older he occupied himself more intensely 
with pedagogical and historical problems. 
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